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LMCT  ligand to metal charge transfer 
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max  maximum 
M  metal 
Me  methyl 
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In this study, three different types of multidentate amino acid ligands have been 
employed to investigate their coordination behavior with divalent transition and main 
group metal ions. They are 4-methylumbelliferone-8-methyleneiminodiacetic acid 
(H3muia), N-(7-hydroxy-4-methyl-8-coumarinyl)-amino acid (amino acid = glycine 
(H2mugly), alanine (H2muala), serine (H3muser)) and N-(2-pyridylmethyl)-amino acid 
(amino acid = b-alanine (HPbal), amino ethane sulfonic acid (HPae), L-serine (H2Pser), 
L-glutamic acid (H2Pglu)).  
The introductory chapter gives literature background and brief summary on the 
metal complexes of reduced Schiff base ligands derived from aldehydes and various 
amino acids, and supramolecular gels relevant to the thesis. In Chapter 2, a series of 
metal complexes containing the 4-methylumbelliferone-8-methyleneiminodiacetic acid 
(Calcein Blue) have been presented. In Part A, the structural diversity of Calcein Blue 
complexes as monomeric, ion-pair and coordination polymer is presented. The solid-state 
fluorescence properties of these complexes have been studied. In Part B, self-assembly of 
Co(II) muia as ion-pair complexes has been exemplified. Hydrogen bonding interactions 
are dominant along with p-p interactions in the solid-state structures. 
 Driven by these results, the coordination chemistry of coumarin derivatized 
amino acid ligands is further explored in Chapter 3. In Part A, the synthesis and 
characterization of Cu(II), Ni(II), Zn(II), Mg(II) and Ca(II) complexes of N-(7-hydroxy-
4-methyl-8-coumarinyl)-amino acid have been described. Interestingly, variation the 
metal ions and solvents have resulted in the isolation of crystalline and gel materials. The 
 XI
crystalline solids including Cu(II), Ni(II) and Zn(II) complexes have been structurally 
characterized as coordination polymers and metal clusters. The Mg(II) and Ca(II) 
complexes are shown to be amorphous in nature. It is noteworthy that Zn(II) complex of 
H2mugly and Mg(II) complex of H2muala have been discovered to gelate water upon 
formation of coordination polymer, without the involvement of long chain hydrophobic 
groups. Hence, Part B and C are devoted to discuss these two hydrogels respectively in 
detail. Comprehensive photophysical and rheological studies have been performed to 
study these hydrogels. The results indicate that the hydrogels exhibit remarkable 
fluorescence properties and weak gel behavior. Furthermore, in the absence of long chain 
appended groups, coordination polymers have been demonstrated to be able to achieve 
gelation. Coordination polymeric gels have provided new insight of properties, 
functionality and application compared to their highly crystalline counterpart. 
 In Chapter 4, the synthesis and characterization of Cu(II) complexes of N-(2-
pyridylmethyl)-amino acid ligands have been discussed. The role of carboxylate and 
sulfonate functional group in Cu(II) coordination have been evaluated based on Schiff 
base and its reduced form with b-alanine and amino ethane sulfonic acid. Furthermore, 
reduced Schiff base ligands with additional functional groups in the amino acid side 
chain, namely L-serine and L-glutamic acid have been utilized in the complexation with 
Cu(II). These Cu(II) complexes have been demonstrated as one-dimensional coordination 
polymers with diverse hydrogen bonding motifs.  
In summary, this thesis demonstrates the utilization of weak intermolecular 
interactions such as hydrogen bonding and p-p interactions in the self-assembly of 
crystalline and amorphous gel materials.  
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and complex dynamic viscosity measurements. 
Figure 3-35. 
 
Dynamic temperature ramp G' and G" for hydrogel IIIB-1 at the 
heating rate of 1°C min-1, strain of 0.5% and frequency of 1 rad s-
1; (b) dynamic time sweep at strain of 0.5% and frequency of 1 rad 
s-1. 
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Figure 3-36.  Viscosity of hydrogel IIIB-1 as function of shear rate 139 
Figure 3-37. 
 
Creep retardation and recovery (relaxation) curves of hydrogel 
IIIB-1 at 25°C. Measurements were taken at instantaneous stress 
of: (a) 1 Pa and (b) 1.5 Pa where (n) was a close-up (primary 
axis) of the complete curves (□) (secondary axis). 
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Figure 3-38.  
 
(a) The photograph of III-b and hydrogel IIIC-1; (b) The free 
standing polymeric film of dried gel IIIC-1 
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Figure 3-39.  Schematic representation of proposed structure of IIIC-1 147 
Figure 3-40.  IR spectra of ligand III-b and freeze dried IIIC-1 148 
Figure 3-41.  
 
FESEM images of freeze dried IIIC-1 (a) low magnification; (b) 
high magnification 
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Figure 3-42.  
 
(a) TEM image of freeze dried IIIC-1; (b) Electron diffraction 
pattern of freeze dried IIIC-1 
150 
Figure 3-43.  
 
UV-vis absorption spectra of III-b in the presence of Mg(II) in 
H2O 
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Figure 3-44.  
 
(a) UV-vis spectral traces of III-b upon Mg(II) binding in H2O in 
the presence of two equivalents of LiOH ([III-b] = 1.04 x 10-4 M); 
(b) Job’s plot for 1:1 binding of III-b with Mg(II) in H2O, with 
the absorbance at 360 nm monitored (chost = [III-b]/[III-
b]+[Mg2+] and DA is the change in absorbance at 360 nm). 
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Figure 3-45.  
 
UV-vis absorption of III-b and hydrogel IIIC-1 and its 
corresponding sol state in acidic medium ([III-b] and [IIIC-1] = 
50 mM). The samples were sandwiched between quartz plates. 
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Figure 3-46.  
 
UV-vis absorption spectra of III-b in the presence of one 
equivalent of Mg(II) ([III-b] = 1.04 x 10-4 M) at various pH in 
buffer solutions. 
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Figure 3-47.  
 
UV-vis absorption of hydrogel IIIC-2 ([IIIC-2] = 50 mM) at 
various temperatures (sample sandwiched between quartz plates). 
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Figure 3-48.  
 
(a) Emisssion spectra of III-b and hydrogel IIIC-1 ([III-b] and 
[IIIC-1] = 50 mM ) upon excitation at l = 360 nm; (b) 
photograph of the hydrogel IIIC-1 under UV light; (c) 
fluorescence micrograph of freeze dried IIIC-1. 
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Figure 3-49.  
 
(a) Emission spectra of IIIC-1 ([IIIC-1] = 1.04 x 10-4 M) upon 
addition of Mg(II) in H2O in the presence of two equivalents 
LiOH upon excitation at l = 360 nm; (b) Emission spectra of III-
b upon addition of Ca(II) in H2O in the presence of two 
equivalents LiOH upon excitation at l = 360 nm. 
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Figure 3-50.  
 
Time-dependent emission intensity of hydrogel IIIC-1 at 455 nm. 
The inset shows the fluorescence spectral traces against time.  
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Figure 3-51. Fluorescence spectra of hydrogel IIIC-1 at various temperatures 157 
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Figure 3-52.  
 
The fluorescence decay profiles of ligand III-b and hydrogel 
IIIC-1. The samples were excited at 400 nm and monitored at 450 
nm. 
158 
Figure 3-53.  
 
Dynamic strain sweep measurements of G¢ and G¢¢ for hydrogel 
IIIC-1 at a frequency of 1 rad s-1 and 25°C. 
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Dynamic time sweep measurements of G¢ and G¢¢ for hydrogel 
IIIC-1 at a strain of 0.1%, frequency of 1 rad s-1 and 25°C.  
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Dynamic frequency sweep measurements of G¢ and G¢¢ for 
hydrogel IIIC-1 at a strain of 0.1% and 25°C.  
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Figure 3-56.  
 
(a) Dynamic temperature ramp measurements of G¢ and G¢¢ for 
hydrogel IIIC-2 at the heating rate of 1 °C min-1, strain of 0.1% 
and frequency of 1 rad s-1; b) Dynamic time sweep measurements 
of G¢ and G¢¢  for hydrogel IIIC-1 at a strain of 0.1%, frequency 
of 1 rad s-1 and 25°C.  
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Figure 3-57. Steady shear measurements of viscosity as function of shear rate 
of hydrogel IIIC-1 at 25°C. 
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Figure 3-58. Creep retardation and recovery (relaxation) curves of hydrogel 
IIIC-1 at instantaneous stress of (a) 5 Pa; (b) 60 Pa. 
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1-1. Supramolecular chemistry and Crystal engineering 
 
According to J.-M. Lehn, supramolecular chemistry may be regarded as 
“chemistry beyond the molecules”, bearing on the organized entities of higher complexity 
that result from the association of two or more chemical species held together by 
intermolecular forces.1  The development of supramolecules requires the utilization of 
fundamental molecular chemistry combined with the designed direction of non-covalent 
interaction to form supramolecular entities. The supramolecules are formed by self- 
assembly, i.e. recognition-directed spontaneous association of a well-defined and limited 
number of molecular components under the intermolecular control of the non-covalent 
interactions that hold them together.1b, 2-4 Supramolecular chemistry and self-assembly 
process are important of both fundamental and practical interest.  
Crystal engineering has become an emerging research field in supramolecular 
chemistry. According to Desiraju, crystal engineering can be defined as the 
understanding of intermolecular interactions in the context of crystal packing and in the 
utilization of such understanding in the design of new solids with desired physical and 
chemical properties.5 The aim of crystal engineering is to establish reliable connections 
between molecular and supramolecular structures on the basis of intermolecular 
interactions. The synergistic interplay of intermolecular interactions determines the 
crystal packing, chemical and physical properties. The following sections will discuss 
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1-2. Supramolecular interactions 
1-2-1. Hydrogen bonds 
 
Various weak interactions are involved in supramolecular assembly including 
hydrogen bondings, p-p stackings, van der Waals, ion-ion interactions, ion-dipole 
interactions, dipole-dipole interactions, cation-p interactions. Hydrogen bond is the most 
important directional interactions and mostly responsible in crystal engineering. A 
hydrogen bond may be regarded as a hydrogen atom attached to an electronegative atom 
(or electron withdrawing group) is attracted to a neighbouring dipole on an adjacent 
molecule or functional group. The energy of hydrogen bonds is dominated by 
electrostatic factors. Table 1.1 summarizes some general parameters of hydrogen bonds.3  
 
Table 1.1 Properties of hydrogen bonded interactions4 
 
 Strong Moderate Weak 
A-H···B interaction Mainly covalent Mainly electrostatic Electrostatic 
Bond energy (kJ mol-1) 60-120 16-60 <12 
Bond lengths (Å)    
H···B  1.2-1.5 1.5-2.2 2.2-3.2 
A···B 2.2-2.5 2.5-3.2 3.2-4.0 
Bond angle (º) 175-180 130-180 90-150 
Relative IR vibration shift 
(stretching symmetrical 
mode, cm-1) 
25% 10-25% <10% 
1H NMR chemical shift 
downfield (ppm) 
14-22 <14 ---- 
 
For rational design in crystal engineering, hydrogen bonding of conventional O-
H¼O and N-H¼O varieties have been the most commonly used supramolecular synthons, 
yet weaker forces such as CH¼O, CH¼N, I¼I, O¼I, N¼Cl or even C¼H and C¼C can be 
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used. These weak interactions can dominate the crystal packing in both organic and 
coordination systems. Furthermore, these interactions can be assembled by a designed 
placement of functional groups in the molecular skeleton to generate supramolecular 
synthons as shown in Figure 1-1.5, 6 Supramolecular synthons incorporate both chemical 
and geometrical recognition features of molecular fragments in order to construct 
intermolecular interactions.  
 
 
Figure 1-1. Representative supramolecular synthons.6 
 1-2-2. p-p interactions 
 
Apart from hydrogen bondings, aromatic
important non-covalent intermo
occurs between aromatic rings, generally one is relatively electron rich and the other is 
electron poor. In general, p
approximately parallel molecular planes separated by interplanar distances of about 3.3
3.8 Å. As shown in Figure 1
face and point-to-face (T-shaped conformation or C
have perfect face-to-face alignment, but an offset or slipping packing. An excellent 
review on p-p stacking in metal complexes has been given by Janiak.
sections, interplay of both hydrogen bonding and 
self-assembled supramolecular structures is exemplified.
 
Figure 1-2. Principal orientations of aromatic
-aromatic or p-p interactions are 
lecular forces in supramolecular assembly. 
-p interactions are defined as stacks of aromatic rings with 
-2, there are two types of p-p stacking arrangements: face
-H¼p). Usually, the stacking does not 
7 In the following 












Chapter 1  
 
 6
1-3. Schiff base and reduced Schiff base from amino acids 
 
 This section is intended to provide literature review on the metal complexes of 
Schiff base and reduced Schiff base ligands derived from salicyaldehyde and pyridine-2-
aldehyde, to give some background knowledge on this research area. Furthermore, some 
of the interesting results from our laboratory are highlighted. 
 
1-3-1. N-(2-hydroxybenzyl)-amino acids 
 
The research field on Schiff base metal complexes has achieved enormous 
progress in understanding various aspects of bioinorganic and coordination chemistry.8 
Particular research interest has been devoted to transition metal complexes of 
salicyaldehyde-amino acid Schiff bases as they have been shown to behave analogously 
to those of pyridoxal-amino acid Schiff bases.9-11 The preparation and structural 
characterization of Schiff base Cu(II) complexes derived from salicylaldehyde and amino 
acids such as glycine,12-14 b-alanine,15 valine,16, 17 serine,18 threonine,19 methionine,20 
glutamic acid,21 phenylalanine,22, 23 tyrosine,24 tryptophan25 and a-aminoisobutyric acid26 
have been widely reported. 
García-Raso et al. have synthesized a series of ternary complexes of Cu(II) Schiff 
base with different pyrimidine ligands to understand the effect of changing the adjacent 
groups of the potential binding heterocyclic atom.27 Several Cu(II) salicylideneglycinate 
complexes have been shown to be potential microbial agents.28 Chakravarty and 
coworkers have investigated ternary Cu(II) complexes of a-amino acid salicylaldiminates 
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and 2,2’-bpy to model the type-2 sites of copper oxidases. These complexes were found 
to be catalytically active for the ascorbate oxidation by molecular oxygen.29, 30 In addition, 
ternary oxovanadium(IV) complexes of N-salicylidene-amino acids and N,N-donor 
phenanthroline bases have been studied for their structures, DNA binding and 
photoinduced DNA cleavage activity. The photoinduced DNA cleavage activity of the 
oxovanadium(IV) complexes may be potential agents for cellular applications in 
photodynamic therapy.31 Besides Cu(II), other transition metals such as Zn(II)32 and 
Fe(III)33 were also employed to study their complexation with Schiff base derived from 
salicyaldehyde and various natural amino acids.  
On the other hand, many studies have been done on transition metal complexes 
with reduced Schiff base ligands derived from salicylaldehyde and amino acids. In most 
of the cases, the stability of Schiff base compounds depend on many factors such as 
polarity of the amino acid side chain, pH, solvent and temperature. Casella and Gullotti 
have shown that Schiff bases formed by amino acids with non-polar side chains and 2-
formylpyridine were unstable with Zn(II) and Cu(II), and only imines of histidine or its 
methyl ester could be isolated in reasonable purity.34 In order to overcome the problems 
with ligand instability, the C=N bond of the Schiff base can be reduced to give an amine, 
also called Mannich bases. Apart from existing as stable ligand, the resulting reduced 
Schiff base ligands are expected to generate much more interesting coordination 
chemistry owing to the conformationally flexible backbone.  
Ranford et al. have reported that Cu(II) complexes with reduced Schiff base 
ligands between salicyaldehyde and amino acids may serve as models for the 
intermediates species in biological racemization and transamination reactions.35 Ray et al. 
 have elegantly demonstrated an octanuclear Cu(II) complex of H
capsule-like cavity capable of hosting the pyridine molecules. The trapped pyridine 
molecules were held inside the cavity through hydrogen bon
3).36 Recently, the effects of amino acid side chain, pyridine, and imidazole on the 
assembly and reversible disassembly of the octanuclear Cu(II) complex have been 
explored.37 Identification of the factors governing the self
rational design of functional solid. Further, when 
histidine to prepare the corresponding Fe(III) complex, an empty 1D helical hydrophilic 
channel which capable to fill iodine molecules was achieved.
 
Figure 1-3. Molecular structure of [Cu
trapped pyridine molecules.36 
Utilization of chelating and bridging ligands such as 
respectively has successfully generated interesting coordination polymeric structures 
from the complexes derived from reduced Schiff base ligands. Gao 
the 1D helical coordination polymer of Cu(II) complex with H
2Shis with novel 
ding interactions (Figure 1
-assembly process may help in 
D-histidine was employed instead of 
38  
 











 and 4,4’-bpy 
 have reported 
2Sala in 
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presence of 2,2’-bpy.39 Furthermore, Hong et al. have shown that ternary Cu(II) complex 
of H2Sala and 4,4’-bpy displays as chiral supramolecular network.
40 
Since the past decade, our research group has been interested in the coordination 
chemistry of Cu(II) and Zn(II) complexes containing reduced Schiff base ligands derived 
from substituted salicylaldehyde and amino acid for the construction of supramolecular 
network structures. X-ray crystal structures of these complexes revealed that N-(2-
hydroxybenzyl)-amino acid reduced Schiff base ligands mainly act as tridentate moiety, 
coordinating through the phenolato oxygen, amine nitrogen, and carboxylate oxygen. The 
other exodentate carboxylate oxygen atom coordinating to metal ions intermolecularly is 
responsible for the fascinating supramolecular architectures. Generally, metal to ligand 
ratio 1:1 often gives dinuclear complexes with two-phenolate oxygen atoms bridge two 
metal ions to furnish a M2O2 core.
41, 42 Figure 1-4 shows the reduced Schiff base ligands 
derived from salicyaldehyde and natural/unnatural amino acids studied in our group.  
Some of the interesting results from our laboratory are briefly reviewed here. 
Copper(II) complex with H2Sala displays hydrogen-bonded helical coordination 
polymeric structure. Interestingly, upon thermal dehydration, the Cu(II) complex 
transformed irreversibly from helical coordination polymeric structure to 3D coordination 
network.43 A similar Zn(II) analogue, [Zn2(Sala)2(H2O)]×2H2O also exhibits a facile 
irreversible transformation from the 3D hydrogen-bonded network structure into a stable 
3D coordination polymer.44 Such irreversible supramolecular transformation can be 
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Figure 1-4. Reduced Schiff base ligands of N-(2-hydroxybenzyl)-amino acids 
 
Another helical coordination polymeric Cu(II) complex [Cu2(Sgly)2(H2O)]×H2O 
has crystal packing very similar to [Cu2(Sala)2(H2O)] but with one more lattice water 
molecule. Despite the structural similarities, [Cu2(Sgly)2(H2O)]×H2O  failed to undergo 
any structural transformation upon thermal dehydration. It appears that the C=O¼p  
interactions between carboxylate carbonyl group and phenyl ring disfavor the formation 
of new and Cu-O bonds, hence hinders the structural transformation (Figure 1-5).46   
 Figure 1-5. (a) Interactions between the carboxyl group and the phenyl ring; (b) C=O
interaction between the caboxylate CO group and the phenyl ring.
The supramolecular isomerism can be expected from the conformationally 
flexible molecules owing to the fact tha
comparable to the differences in lattice energy observed between the isomers.
Fascinatingly, supramolecular and pseudosupramolecular isomers of 
can be obtained when the dehydrated compound was recrystallized from different 
solvents (Figure 1-6).49 These findings showed that flexible reduced Schiff base ligand
can facilitate the flexible coordination environment around Cu(II) centers and lead to 
formation of supramolecular isomers.
 
Figure 1-6
               
(a)                                                   (b) 
46 
 
t the energy required to rotate the 
[Cu2
 
. Schematic diagram of supramolecular isomers.
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The influence of solvents on the supramolecular architectures are further 
exemplified in the case of [Cu2(Scp11)2(H2O)2]. Recrystallization of this complex from 
DMF/acetone solvent furnishes rod-like bluish-green crystal of 
[Cu2(Scp11)2(H2O)2]×2Me2CO and green cubic crystal of [Cu2(Scp11)2]×2H2O in one-pot 
synthesis. Interestingly, [Cu2(Scp11)2]×2H2O displays a hexagonal diamondoid 
architecture with star-like channel.50 Recrystallization of the same compound from 
MeOH yields 1D hydrogen-bonded polymer of [Cu2(Scp11)2(MeOH)2].
51 These 
structural studies reveal that it is possible to generate different yet closely related 
structures by varying the substituents on the amino acid side chain and thus induce 
conformational changes on the flexible backbone of the reduced Schiff base ligands.   
Besides solvents, intermolecular hydrogen bonding interactions also greatly influence the 
supramolecular architectures. A series of Cu(II) complexes of reduced Schiff base ligands 
derived from salicyaldehyde and aminocyclopentane/cyclohexanecarboxylic acids were 
synthesized and structurally characterized. The packing of dimeric building blocks reveal 
the formation of various hydrogen-bonded polymeric structures attributed to the presence 
of solvent and aqua ligands.51  
On the other hand, it is well known that the rigid co-ligands such as 2,2’-bpy, 
4,4’-bpy and phen can generate diverse architectures from 1D chains to 3D frameworks.52 
Ternary Cu(II) complexes of H2Sgly, H2Sala and H2Sbal ligands with phen have been 
studied to understand the coordination behavior of these ligands in the presence of 
nitrogen based co-ligands. It is noteworthy that in the presence of the phen co-ligand, the 
phenolic oxygen of the reduced Schiff base does not participate in bridging. 
Monoprotonation of the ligand has resulted p-p interactions between the phenolic ring 
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and phen ligand.53 The isolation and interconversion of ternary Cu(II) complexes were 
shown to be reactant ratio and pH dependent.54  
The additional functional groups in the amino acid side arm are anticipated to 
exhibit fascinating intermolecular connectivity or hydrogen bonding motifs. This has 
been achieved by the incorporation of an extra carboxylate group in the amino acid side 
chain of reduced Schiff base ligand, H3Sglu.  Interestingly, Ni(II) complex of H3Sglu 
displays a novel helical staircase coordination polymeric structure encapsulating 1D 
helical water chain in the chiral helical channels (Figure 1-7). Of the two carboxylate 
groups in the ligand, one is chelating intramolecularly, while the other one is 
coordinating the neighboring Ni(II) atom to form staircase coordination polymer. 
Hydrogen bonding is propagated by water molecules via helical water chain and aqua 
ligand.55 Thus, it is promising that the additional functional group such as carboxylate is 
essential for furnishing structurally interesting coordination polymers by these ligands.  
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1-3-2. N-(2-pyridylmethyl)-amino acid ligands 
 
In contrast to extensively studied N-(2-hydroxybenzyl)-amino acids, pyridyl 
based amino acid derivatives are not well explored. In fact, the NNO coordination mode 
is quite common in biological systems. The pyridine ring influences the basicity of the 
amine group and the electronic structure of the ligand is different from the 2-
hydroxybenzyl ligand. One hidden coordination site is the carbonyl oxygen, which may 
coordinate with metal centers from the neighboring molecule to give rise to interesting 
connectivity and hence network structure. The amine hydrogen and the oxygen in the 
ligands are expected to form hydrogen bonds with the neighboring molecules. The chiral 
center of the amino acid and the diversity of the substituent groups of the amino acid side 
arm are the other factors that play important roles in the assembly of fascinating 
supramolecular structures. 
Complexes of Schiff base and reduced Schiff base ligands derived from pyridine-
2-aldehyde and amino acids (Figure 1-8) are available in the literature. Ama et al. have 
shown an interesting tetranuclear cubane-like cobalt(II) complex with HPgly. This 
complex has four N-H¼O intramolecular hydrogen-bonds between the amino group on 
one of the four cobalt atoms and the carboxyl group on another cobalt atom.56 Correia et 
al. have reported mononuclear Zn(II) complex of HPgly. Structural characterization of 
Zn(II) complexes may be contribute to the studies of structural model for zinc-containing 
enzymes.57 
 







































Figure1-8. Ligands derived from pyridine-2-aldehyde and various amino acids 
 
On the other hand, taurine, a sulfur containing amino acid, is important for 
various physiological functions. Taurine acts as antioxidant, intracellular osmolyte, 
membrane stabilizer and neurotransmitter. It may be conditionally essential for human 
infants, and is routinely added to most infant formulas.58 The studies of complexes 
containing sulfur have stemmed from their antiviral, anticancer and antibacterial 
activities.  The structural studies of sodium salt of Pae revealed that sulfonate group 
bridge the Na(I) atoms to form a 2D network.59 Several complexes of Paes and Pae with 
diverse coordination modes have been reported by Jiang et al. Schiff base complexes of 
Ni(II)60 and Cu(II)61 have been shown to have mononuclear and binuclear structure 
respectively. Furthermore, a dinuclear Ni(II) complex of Paes with azide bridging has 
been demonstrated to possess hydrogen-bonded double zigzag infinite chain structure.62 
Copper(II) complex of Pae base has been shown to exhibit 2D coordination polymeric 
structure owing to the presence of sulfonate group and azide anions bridged the 
neighboring Cu(II) centers.63 In addition, neutral mononuclear Co(II)64 and Ni(II)65 
complexes of reduced Schiff base ligand has been reported recently. Both p-p stacking of 
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pyridine rings and intermolecular hydrogen bonding have been found to stabilize the 
solid state structures of an interesting cubane-like [Ni4(Pae)4(OH)4]×8H2O.66 
Our group has also been interested to study the coordination chemistry of reduced 
Schiff base of N-(2-pyridylmethyl)-amino acid ligands.67 It is worthwhile to note that 
several interesting Cu(II) metallacrown structures have been reported (Figure 1-9). When 
potassium salt of HPhis is reacted with Cu(II), a trinuclear metallacrown 
[Cu3(Phis)3](ClO4)3×2H2O has been obtained.  More interestingly, when LiClO4 was 
added to the solution mixture, [(ClO4)LiÌCu3(Phis)3](ClO4)3×3H2O, a metallcrown 
encapsulate alkali earth metal has been obtained. This “host-guest” chemistry of Cu(II) 
compounds containing reduced Schiff base ligands are pH and cation dependent.68 
 
 
Figure 1-9. pH dependent interconversion of Cu(II) complexes of HPhis.42 
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In addition to the influence of cations and pH of the structure, the stoichiometry, 
nature of reactants and solvents also play important role in the formation of metallacrown 
structures. This has been exemplified in the studies Cu(II) complexes of HPgly and HPala 
(Figure 1-10). The reaction of [Cu(Pgly)2]×2H2O with Cu(ClO4)2×6H2O in aqueous 
methanol furnished an interesting hexagonal metallocrown, 
[Cu6(Pgly)3(Pglys)3](ClO4)6×9H2O. It is notable that the hexameric cation consists of both 
Schiff base and reduced Schiff base ligands coordinating to Cu(II) in a cyclohexane-like 
conformation. Direct reaction of HPgly with Cu(II) generated a 1D coordination polymer 




(a)                                                            (b) 
Figure 1-10. Metallocrown structures of Cu(II) complexes of (a) HPgly; (b) HPala.69  
 
Furthermore, Cu(II) complexes of HPala have been found to exhibit an interesting 
solvent-dependent self-assembly aggregation. Reaction of potassium salt of Pala with 
Cu(II) in acetonitrile/methanol has facilitated a metallacrown of 
[K(ClO4)3{Cu3(Pala)3](ClO4). Reaction of this compound with water has resulted in the 
conversion of metallacrown into a 1D coordination polymer, [Cu(Pala)(H2O)(ClO4)]. 
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This 1D coordination polymer can also be obtained from an aqueous methanol solution in 
the absence of potassium salt.69  
 On the other hand, X-ray crystallography revealed that the Zn(II), Cu(II) and 
Pb(II) complexes of HPgly and HPala have 1D coordination polymeric structure in the 
solid state (Figure 1-11). The presence of non-coordinating anions such as perchlorate 
and coordinating anion such as acetate, chloride and nitrate have been found to greatly 
influence the structures of 1D coordination polymers. For instance, Pb(II) complexes of 
HPala has been found to have single-stranded helical structure, pillared by Pb¼O¼Pb 
interactions from perchlorate anions.70 Chloride anions have involved in the 1D 
coordination polymer through Cl-Cu-Cl bridging in the solid state structures of 
[Cu(Pgly)Cl]×H2O and [Cu(Pala)Cl]×H2O and these chains are further linked through 
weak C-H¼Cl interactions. Acetate and nitrate anions have participated in the bridging 
metal centers and generated a 1D spiral coordination polymer 
[Cu(Pala)(CH3COO)]×0.75H2O and 1D zigzag polymer [Zn(Pgly)(NO3)] respectively.71  
 
 
Figure 1-11. Various 1D polymers derived from HPgly and HPala ligands.67 
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1-4. Complexes of coumarin derivatives 
 
A brief literature survey on the complexes of coumarin derivatives is presented in 
this section as this thesis deals mainly with coumarin derivatized amino acids. Coumarin 
derivatives have been proven to function as anti-coagulants, antibacterial agents, 
antifungal agents, biological inhibitors, chemotherapeutics, bio-analytical reagents72-74  
and dye lasers.75 Further, addition of metal ions to therapeutic agents generally improves 
their efficacy and accelerates bioactivity.76-81 In the past decade, there is an emerging 
research interest in the biologically active metal complexes of coumarin derivatives.82-90 
Recently, Gudasi and coworkers have reported Cu(II), Ni(II), Co(II), Mn(II), Zn(II) and 
Cd(II) complexes of N-(7-hydroxy-4-methyl-8-coumarinyl)-glycine. The antimicrobial 
activity of the free ligand and complexes were screened against various bacteria and 
fungi.  It was observed that the metal complexes exhibited higher antimicrobial effect 
than the free ligand.91 
Apart from biological properties, complexes of coumarin derivatives have also 
been studied for their photophysical properties. Koefod and Mann reported [CpRu(7-
aminocoumarin)]+ complexes which exhibit an intense visible absorption band due to Ru 
to coumarin charge transfer transition.92, 93 Aye and Puddephatt found that Pt(II) 
complexes of 7-methoxycoumarin show strong emission in solution.94 Tyson and 
Castellano have reported the light-harvesting arrays with coumarin donor and Ru(II) 
inorganic acceptor. The central Ru(II) MLCT complex displays long lived sensitized 
luminescence resulting from excitation of coumarin dyes.95 
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According to Freedman and colleagues, molybdenum complexes of 7-
isocyanocoumarin exhibit yellow-orange emission at room temperature due to the 
presence of relatively low energy metal-to-ligand charge transfer excited state.96 
Platinum(II) complexes with 3-isocyanocoumarin have been studied for their crystal 
structures, absorption, emission and oxidative addition properties.97 A series of 
luminescent cyclometalated Ir(III) complexes of coumarin derivatives have been reported 
to have long luminescence lifetimes and large quantum efficiencies in solution, hence 
suitable to be used as unimolecular oxygen-sensing materials.98 
Lin and Leong have shown that reaction of triosmium cluster with coumarin and 
pyrone enable the coordinated pyrones to be more susceptible to electrophilic attack than 
the corresponding free pyrones.99 The synthesis, redox and spectroelectrochemical 
properties ruthenium complexes containing dihydroxycoumarin were reported by Lever 
et al.100 Solid-state structures of several tin complexes of coumarin compounds have been 
published by Ng et al.101-103 and Sordo et al.104 
 
1-5. Supramolecular gels 
 
 In general, there are three situations for the aggregation of molecules in a 
saturated solution: (1) a highly ordered aggregation forming crystals, i.e. crystallization; 
(2) a random aggregation leading to amorphous precipitate; (3) an aggregation process 
intermediate between these two, giving rise to gel formation. Schematic representation of 
aggregation modes is shown in Figure 1-12.105 Gels derived from low molecular mass 
compounds are supramolecules in nature, in which they are formed through self-
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aggregation of gelator, Self-Assembled Fibrillar Networks (SAFINs) through non-
covalent interactions such as hydrogen bonding, p-p stacking, donor-acceptor 
interactions, metal coordination, solvophobic forces and van der Waals interactions. This 
section will provide a brief account on supramolecular gels, particularly 
metallo/coordination polymeric gels (CP gels), in order to understand the background of 
CP gels which will be studied in this thesis. 
 
 




Flory defined a gel as a two-component, colloidal dispersion with a continuous 
structure with macroscopic dimensions that is permanent in the time scale of the 
experiment and is solid-like in its rheological behavior.106 Generally, gels are formed by 
dissolving a small amount (usually 0.1-10 wt %) of gelator in hot solvent (organic 
solvents for organogels or water for hydrogels). Upon cooling below the temperature for 
gelation, the complete volume of solvent is immobilized and can support its own weight 
without collapsing. The gelation test often was confirmed by inverted test tube method in 
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which no flow of solvent under gravity is observed. The process of gelation can be 
explained by the self-association of gelator molecules to entangle and trap solvent via 
surface tension.107 
Hydrogels are gels that swell strongly in aqueous media, and are typically 
composed of a hydrophilic organic polymer component that is cross-linked into a 
network by either covalent or non-covalent interactions. The cross-linking provides 
dimensional stability, while the high solvent content gives rise to the fluid-like transport 
properties. The hydrogels can be classified based on types of cross-links into two 
categories, i.e. physically and chemically cross-linked hydrogels. Physically cross-linked 
hydrogels formed by non-covalent attractive forces between the polymer chains. These 
forces are often hydrophobic interactions, hydrogen bonding, or ionic interactions. In 
contrast to physically cross-linked hydrogels, chemically cross-linked hydrogels are 
usually more stable because the cross-links are formed by covalent bonds. The hydrogels 
formed by such cross-links have a permanent structure unless chemically labile bonds 
have been intentionally added to the network. Hydrogels formed by self-assembly of 
small organic molecules are exquisitely interesting due to numerous applications.108 They 
can be used for tissue engineering,109 drug delivery vehicles,110-112 pollutant capture and 
removal113, 114 and other applications.  
Many structurally diverse low molecular weight hydrogelators have been 
discovered in the past few years. In this context, amphiphiles having both hydrophilic and 
hydrophobic groups within a single molecule have been proven to be capable of 
immobilizing water.107 Hence, amino acid can be used for this purpose and there are 
many literatures on amino acid derivatives as organo115-117 and hydrogelators.118-123 
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Biocompatible and biodegradable hydrogels obtained from amino acid-based derivatives 
have been reported to be useful in biological applications.113, 123-128  
 
1-5-2. Metallo- and coordination polymeric gels 
 
Though gel formation by organic molecules has been reported widely in the 
literature,105, 107, 129-134 CP gels have only been a recent interest.135 Metallogel with 
various features of metal chelates have been reported to show unusual functional 
properties such as redox responsiveness, catalytic action, phosphorescence behavior, 
spin-crossover phenomena, conductivities and so on. Furthermore, binding of metal ion 
to gelator molecule can affect self-assembly modes and allow the gelation ability to be 
fine tuned.135 
The manipulation of metal-ligand interactions is one of the most widely used 
approach for the generation of metallosupramolecular gels. Rowan and coworkers have 
elegantly demonstrated the gel formation of dumbbell shape ligand based on 2,6-
bis(benzimidazolyl)pyridine in the presence of lanthanide and transition metal ions 
(Figure 1-13). The Co(II) or Zn(II) ions form 2:1 metal complexes and thus serve to 
extend the coordination polymeric chains, while La(III) or Eu(III) ions act as cross-
linking components as they form branched coordination centers with 3:1 
stoichiometry.136-140  
 
 Figure 1-13. Schematic representation of the formation of metallo
polymeric aggregates.139   
Hanabusa et al. have shown that ligand containing two 
linked to a bis-(amido)cyclohexane
organogel by coordination with divalent metal ions.
metallogels by reversible coordination interactions 
hydrogen bonding to conjugate anions.
polymer self-assembled in aqueous media can be triggered by counter
Ligand exchange of polycarboxylate ligand with polymetallic clusters supports a facile 
route to yield amorphous coordination polymer via sol
polycondensation of peripheral triethoxysilyl groups of Cu(II) porphyrin complex have 
resulted the formation of high thermally stable and elastic metallogel.
organometallic cholesterol-





 formed mechanically robust and therma
141 Bis(urea) ligands readily form soft 
with Ag(I) and Cu(II) cations and by 




appended titanocence was reported to be able to gelate a 
146  







 Recently, an 
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 Introduction of metal center to ligand often give rise to intriguing absorption and 
luminescence properties thus enable these complexes useful in sensing, optoelectronic 
and luminescence based technologies. Kimizuka et al. have reported that Co(II) 1,2,4-
triazole complexes showed thermal reversible and heat-set gel-like networks in organic 
media.147 A Fe(II) metallogel of a similar triazole ligand with long alkyl chain has been 
studied for its thermo-reversible magnetic, optical and rheological properties.148 
Furthermore, bipyridyl derivative of bis(cholesteryl) formed gel on mixing with Cu(I). 
Fascinatingly, thermochromic, reversible color and redox state change were observed 
during the sol-gel transition.149 Phenylalanine-based bolaamphiphile metallogels have 
found application in water purification and vitamin B12 carrier based on their absorption 
properties.114 
Such interesting absorption studies have driven the research on the 
photoluminescence properties of metallo- and coordination polymeric gels. Recently, 
Shinkai et al. have studied metallogels formed by 8-quinolinol, particular interested in 
their field emission and light emitting properties (Figure 1-14). As a result of the self-
assembling in the gel, the red luminescence was found not to be sensitive to dioxygen 
quenching.150, 151 It is a very important feature for the application in photovoltaic and 
optoelectronic fields. Phosphorescence metallogels containing pyrazole unit have been 
reported by Aida et al. and shown reversible switching of red-green-blue emission color. 
Upon gel formation, Au(I)- Au(I) interaction leads to a red emission and addition of Ag(I) 
ions results in a blue-shift of the luminescence.152 




Figure 1-14. Luminescent Pt(II) quinolinol derivative gel: (a) luminescence spectra; (b) 
photograph under UV light; (c) confocal laser scanning image.150 
 
CP gels reported by Rowan et al. show luminescent due to the “antenna effect” of 
Eu(III).136, 139 Alkylated platinum terpyridyl systems formed organogel due to metal-
metal and p-p interactions and the metallogels show drastic emission changes during the 
sol-gel transition.153, 154 Platinum acetylide organogelators exhibit phosphorescence in 
solution and in the aggregate/gel state due to triplet-triplet energy transfer.155 
Luminescent Eu(III) metallogels have been prepared with carboxylate-based aliphatic 
and oxalamide derivatives. More importantly, emission properties of a non-luminescent 
ruthenium complex can be “switched on” by incorporation into the gel network.156 
MacLachlan et al. have shown that supramolecular assembly of Zn(II) complexes into 
luminescent metal-organic gels was promoted by Zn¼O interactions.157 
Besides absorption and luminescence, catalytic properties of metal also can be 
introduced into gel-phase materials. Dötz et al. reported the first organometallic low-
molecular-mass-gelator bearing a direct transition metal to carbon bond in which 
aminocarbene chromium complex was found as efficient gelator for chlorinated and 
aromatic solvents.158 It is a breakthrough in catalysis in which catalytically active metal 
centers could be immobilized in gel matrix. In the later study, the same research group 
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have demonstrated an air-stable organometallic low-molecular-mass gelator of palladium 
pincer bis(carbene) complex which shows promising catalytic activity in C-C bond 
formation in the gel state.159 Furthermore, oxidation of benzyl alcohol to benzaldehyde 
can be catalyzed by freshly prepared160 and post-functionalized161 Pd(II) metallogels.  
Sakai and coworkers reported that the viscoelasticity of the mixture of cationic 
ferrocenyl surfactant and sodium salicylate can be controlled by tuning the degree of 
entanglement of worm-like micelles through redox reaction of ferrocenyl.162 Metallogels 
also can be used as template in the preparation of macroporous 
polymethylmethacrylate163a and as absorbent for non-ionic organic molecules from the 
aqueous phase.163b  
 Apart from induced gelation, the presence of metal ions also can induce complete 
loss of gelation ability. This can be rationalized by the intermolecular hydrogen bondings 
between amide groups of the ligands have been disrupted upon metal complexation, 
which inhibits the formation of intermolecular networks and thereby gelation. For 
example, a tris(bipyridine) tripodal ligand was found to form organogel, however, upon 
binding to Fe(III), gel-to-liquid phase transition have occurred.164 Drašar et al. reported 
that cholic-amide phenanthroline compound as powerful gelator for methanol-water in 
the absence of metal ion. Formation of phenanthroline-zinc complex changed the white 
translucent gel into transparent low viscosity liquid.165 A family of molecules consisting 
of a central 4-methyl-3,5-diacylaminobenzene platform with phanantroline was reported 
as organogelator for hydrocarbon solvents, facilitated by hydrogen bonding, van der 
Waals and p-p stacking interactions. In this context, due to the emergence of a very 
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strong intramolecular hydrogen bond, the corresponding Cu(I) complexes are not 
organogelator but resulted mesomorphic materials.166 
 On the other hand, while a lot of studies have been carried out on the rational 
design of gelator for self-assembly, gelation also has been observed in the absence of 
long chain appended group in gelator. For instance, formation of hydrogel has been 
reported by mixing LaCl3 and 1H-5-(2-pyridyl)tetrazole in the presence of 
triethylamine.167 This is an unexpected observation since the tetrazolate ligand was not 
specifically designed to form hydrogel. Though the gelation mechanism is not well-
understood, the authors suggested that the presence of both ligand and base are essential 
for the gelation. Recently, achiral imidazole derivatives have been reported as gelators to 
generate nonracemic CP gel with Ag(I) in the absence of chiral influences and appended 
groups. Self-assembly of Ag(I) and rigid bridging imidazole ligand facilitated the 
formation of helical coordination polymer which further led to chirality through chiral 
symmetry breaking process (Figure 1-15).168 These findings demonstrate new insight and 
research field of coordination polymers in which they can functionalized as gelators by 
themselves to achieve gelation.  
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1-6. Scope of the current investigation 
 
In the present investigation, three ligand systems will be employed to study their 
coordination chemistry with transition and main group metals. As part of our continuing 
interest in the chemistry of N-(2-hydroxybenzyl)-amino acids, we further explored the 
effect of the extended p conjugation in the phenyl ring. In this connection, 4-
methylumbelliferone-8-methyleneiminodiacetic acid acid or Calcein Blue (Figure 1-16) 
is chosen to study the coordination chemistry with various transition and main group 
metal ions. This commercially available ligand has coumarin group instead of phenyl 
group which exhibits significant absorption and luminescence properties. Moreover, 
flexible imino dicarboxylate functional group and multiple hydrogen bonding 
functionalities are expected to form interesting and multidimensional network. The 
presence of additional aromatic ring may induce the p-p interactions in the solid state 
structures of the resulting complexes. The presence of C=C in the pyronone rings enable 
the possibility to align the C=C for the successful [2+2] photodimerization in solid state. 












Figure 1-16. Structure of Calcein Blue ligand 
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It is also of our research interest to further explore the coordination chemistry of 
amino acid derivatives with coumarin functional group. Though the synthesis of 
coumarin derivatized amino acid ligands have been reported for long time by Metha,169 
the complexation and structural characterization of this ligand system remained not well 
explored. So far, only one report by Gudasi et al. on the synthesis, characterization and 
microbial activities of Cu(II), Co(II), Ni(II), Zn(II) and Cd(II) complexes on N-(7-
hydroxy-4-methyl-8-coumarinyl)-glycine.91 Hence, the complexation of coumarin 
derivatized amino acid ligands with divalent metals such as Cu(II), Ni(II), Zn(II), Mg(II) 
and Ca(II) will be investigated. The Mannich base ligands can be synthesized by the 
reaction of 4-methylumbelliferone and the corresponding amino acids in the presence of 
formaldehyde. Three ligands have been obtained using glycine, L-alanine and L-serine 






















Figure 1-17. Coumarin derivatized amino acid, N-(7-hydroxy-4-methyl-8-coumarinyl)-
amino acid ligand structures. 
 
Moreover, in contrast to extensive studies on gelation of amino acid derivatives, 
little is known on gelation of coumarin derivatives. To date, there is only one report by 
Koshima and coworkers regarding the organogelation of coumarin derivatives. 
Interestingly, photodimerization of coumarin can be occurred in the gel state in a 
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reversible and stereoselective manner.170 Hence, it is worth studying the gelation of 
complexes with coumarin derivatized amino acids. It is expected that such compounds 
may exhibit interesting spectroscopic and luminescence properties during the sol-gel 
transition. More importantly, we are interested to explore metallogel of coumarin 
derivatized amino acid in the absence of appended gelator. Owing to the presence of 
multiple hydrogen bonding functionalities in the ligand, it is anticipated such compounds 
would gelate water to form hydrogel, even without long-chain hydrophobic groups. 
Next, we have focused on another type of reduced Schiff base ligand system, i.e. 
N-(2-pyridylmethyl)-amino acid ligands (Figure 1-18). The phenolic group is replaced 
with pyridine functional group. Several Schiff base and reduced Schiff base ligands are 
proposed to be synthesized and their complexation with Cu(II) will be studied. It is 
anticipated that such ligand system would generate coordination polymers with 
fascinating architectural network. The presence of various hydrogen-bond donors and 
acceptors in the ligand as well as the solvent molecules in the crystal lattice would form 
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Coordination Chemistry of Metal Complexes of Calcein Blue: 















Preface to Chapter 2 
 
In the view of flexible coordination mode and fascinating hydrogen bonding 
motifs of imino carboxylate group, it is of our interest to study the coordination chemistry 
of 4-methylumbelliferone-8-methyleneiminodiacetic acid (H3muia) or Calcein Blue. In 
this chapter, the synthesis, characterization, solid-state structures and fluorescence 
properties of a series of metal complexes of Calcein Blue are presented for the first time. 
In Part A, the synthesis, structural characterization and solid state fluorescence properties 
of  Cu(II), Ni(II), Mn(II), Zn(II), Mg(II), Ca(II), and Al(III) complexes of the H3muia 
ligand are described. Structural diversities of these complexes as monomeric, ion pair and 
polymeric structures are demonstrated. In Part B, the self-assembly of ion-pair cobalt(II) 
complexes of muia is discussed. In one-pot synthesis, concomitant self-assembled 
monomeric and dimeric ion-pair cobalt(II) complexes have been isolated. Interestingly, a 
structurally related pseudosupramolecular isomer can be obtained by the influence of 
reactant ratio and solvent.   
 







Synthesis and Characterization of Metal Complexes of Calcein 









Crystal engineering of coordination polymers and supramolecules have attracted 
lot of attention due to their potential applications as functional materials, as well as their 
fascinating architectures and topologies.171-178 A successful strategy in the construction of 
such networks is to utilize appropriate multidentate ligands with flexible backbone that 
are capable of binding metal ions in different modes. One such class of ligands is the 
amino acid moiety in which both amino and carboxylate groups can take part in the 
supramolecular interactions. Considerable efforts have been made to study the 
coordination chemistry of transition metal complexes derived from salicyaldehyde and 
amino acid Schiff base and reduced Schiff base ligands (see Section 1-3-1). 
Our laboratory has been interested in the coordination chemistry of Cu(II) and 
Zn(II) complexes containing reduced Schiff base ligands derived from substituted 
salicylaldehyde and amino acid for the construction of supramolecular network structures. 
X-ray crystal structures of these complexes revealed that the N-(2-hydroxybenzyl)-amino 
acid ligands mainly act as tridentate moiety, coordinating through the phenolato oxygen, 
amine nitrogen, and carboxylate oxygen. The other exodentate carboxylate oxygen atom 
coordinating to metal ions intermolecularly is responsible for the fascinating 
supramolecular architectures.41, 42 We have successfully demonstrated that incorporation 
of yet another carboxylate group to the reduced Schiff base ligand, H3Sglu led to an 
interesting 1D coordination polymer which encapsulated helical water channel.55 Thus, it 
is promising that the additional functional group such as carboxylate is essential for 
furnishing structurally interesting coordination polymers by these ligands.  
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Hence, it is of our interest to study the coordination chemistry of H3muia or 
Calcein Blue which has two carboxylic acid groups (Figure 1-16). This commercially 
available ligand has coumarin group instead of phenyl group.  The coumarin derivatives 
are advantageous as they show remarkable absorption and luminescence properties.75 
Furthermore, the presence of extra ring may induce the p-p interactions in the solid state 
structures of the resulting complexes.7 Owing to the presence of coumarin group, Calcein 
Blue has been employed as an indicator in the EDTA titration of calcium and some 
transition metals based on its fluorescence properties.179-181 However, this tetradentate 
ligand with flexible amino dicarboxylate functional group and multi-hydrogen bonding 
functionalities has never been exploited for its coordination behavior in the solid state. 
While much research has been devoted to natural product chemistry, biological 
application72-74 and photophysical properties75 of organic coumarin derivatives, little 
information is available on solid state structures of transition metal complexes of 
coumarin derivatives (see section 1-4).  
In this section, the synthesis, characterization, solid-state structures and 
fluorescence properties of  Cu(II), Ni(II), Mn(II), Zn(II), Mg(II), Ca(II), and Al(III) 
complexes of Calcein Blue ligand are described. All the complexes are characterized by 
single crystal X-ray crystallography techniques except Ca(II) and Al(III). These 
complexes exhibit diverse structural architectures including monomeric, ion-pair and 
coordination polymeric structures depending on the experimental conditions. The solid-
state fluorescence properties of these compounds have been investigated. 
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2-A-2. Results and discussion 
2-A-2-1. Synthesis 
 
A series of metal complexes of H3muia has been synthesized in moderate yield. 
Among these complexes, [Cu(Hmuia)(H2O)]×CH3OH×2H2O (IIA-1), 
[Ni(Hmuia)(H2O)2]×2H2O (IIA-2), [Mn(H2O)6][Mn2(muia)2(H2O)2]×2CH3CN (IIA-3), 
[Mg(H2O)6][Mg2(muia)2(H2O)2]×2CH3CN (IIA-4), [Mn(H2O)4.5(CH3OH)1.5]2-
[{Mn2(muia)2}{Mn2(muia)2(H2O)2}]×5H2O (IIA-5) and [Zn(H2O)5][Zn2(muia)2(H2O)2] 
(IIA-6) were structurally characterized. Attempts to obtain suitable single crystal of Ca(II) 
and Al(III) complexes for diffraction study were unsuccessful. Therefore, complexes 
[Ca(H2O)6][Ca2(muia)2(H2O)2]×2H2O (IIA-7) and [Al2(muia)2(H2O)2]CH3CN×4H2O (IIA-
8) were characterized by elemental analysis and thermogravimetry.  In general, the single 
crystals of muia complexes were obtained by the slow evaporation or layering excess of 
acetonitrile on the solution mixture of metal salt and potassium salt of muia ligand in 
metal-to-ligand ratio 1:1 or 2:1.   
 
2-A-2-2. Description of crystal structures 
2-A-2-2-1. [Cu(Hmuia)(H2O)]×CH3OH×2H2O, IIA-1 
 
A perspective view of neutral complex IIA-1 is shown in Figure 2-1. The Cu(II) 
center displays a distorted square pyramid geometry (t = 0.033)182 in which an amine N 
(Cu1-N1, 1.995(2) Å) , two carboxylate O (Cu1-O2, 1.940(2) Å; Cu1-O4, 1.929(2) Å) 
and an aqua ligand (Cu1-O8, 1.935(2) Å) form the base of a square while phenolic O 
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(Cu1-O1, 2.510(3) Å) occupies apical position which remained protonated. It is 
noteworthy that O7 is not considered to coordinate to Cu1 intermolecularly since the 
distance of 2.948(3) Å, is slightly longer than the sum of van der Waals radii of Cu-O 
(2.9 Å).183 Two uncoordinated water and one methanol molecule filled up the crystal 
lattice. There is no p-p interaction between the coumarin rings as the closest C-C distance 
is 4.368 Å.  
 
 
Figure 2-1. A perspective view of IIA-1 showing the (H2O)3 cluster. 
 
The packing of IIA-1 reveals extensive hydrogen bonding in the crystal lattice. 
The intermolecular hydrogen bonding between carboxylate and lattice water (O2S-
H2SB¼O7 and O3S-H3SB¼O3) and carboxylate and aqua ligand (O8-H8B¼O3) formed 
a 1D hydrogen-bonded polymeric chain. In this chain, aqua ligand and two lattice water 
molecules form a water trimer. Such water trimers are ubiquitous in the crystal 
structures.184-186 The phenolic proton, a non-coordinating carboxyl oxygen (O5) and 
MeOH solvate extends to form a 2D hydrogen-bonded polymeric structure in the ab-
plane (Figure 2-2). Table 2-1 summarizes the selected hydrogen bond parameters. 




Figure 2-2. A portion of the 2D structure present in the crystal structure of IIA-1 viewed 
from c-axis. The C-H hydrogen atoms are not shown for clarity. 
 
Table 2-1. Hydrogen bond distances (Å) and angles (°) for IIA-1 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O1-H1 0.68(5) 1.94(5) 2.615(5) 170(5) O1S  
O1S-H1S 0.76(5) 2.11(5) 2.852(4) 164(5) O5 -x, 2-y, -z 
O2S-H2SB 1.20(3) 2.53(3) 3.430(5) 131(2) O7 -x, ½+y, ½-z 
O3S-H3SA 1.23(3) 1.41(4) 2.601(7) 159(3) O2S  
O3S-H3SB 1.22(3) 1.66(3) 2.854(7) 164(3) O3 x, 1+y, z 
O8-H8A 0.80(3) 1.85(3) 2.624(5) 163(3) O2S  
O8-H8B 0.78(4) 1.99(4) 2.740(4) 163(5) O3 1-x, ½+y, ½-z 
 
 
2-A-2-2-2. [Ni(Hmuia)(H2O)2]×2H2O, IIA-2 
 
A perspective view of IIA-2 is displayed in Figure 2-3. The Ni(II) ion has a 
typical octahedral geometry. The amine N (Ni1-N1, 2.073(2) Å), carboxylate O (Ni1-O2, 
2.031(2) Å), phenolic O (Ni1-O1, 2.099(2) Å) and aqua ligand (Ni1-O9, 2.026(2) Å) 
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occupy the equatorial positions while carboxylate O (Ni1-O4, 2.035(2) Å) and aqua 
ligand (Ni1-O8, 2.048(2) Å) occupy axial sites. The phenolic O remains protonated. Two 
lattice water molecules are present in the crystal lattice.  
 
 
Figure 2-3. A perspective view of IIA-2. Solvent molecules and C-H hydrogen atoms are 
omitted for clarity. 
 
Both aqua ligands on Ni(II) center are hydrogen bonded to adjacent O atoms of 
carboxylate groups as displayed in Figure 2-4a. The hydrogen-bonded polymeric chains 
further interact with each other through weak p-p interactions between the neighboring 
coumarin rings (Figure 2-4b). The disk-like coumarin rings are arranged in slip-stacked 
fashion with the closest C-C distance is 3.820 Å between C1 and C13 and the farthest 
distance is 3.932 Å between C2 and C14. Apart from the coordinated water, lattice water 
molecules also involved in interesting hydrogen bonding interactions. The carbonyl O7 
and phenolic O1 of two neighboring molecules are connected through O-H¼O hydrogen 
bonding by two lattice water molecules to furnish 1D hydrogen-bonded polymer in  zig-
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zag fashion. Table 2-2 contains the hydrogen bond parameters of IIA-2. Overall, IIA-2 
has 3D hydrogen-bonded network structure which the connectivity cannot be described 
easily by any available model.  
 




Figure 2-4. (a) Hydrogen-bonded network of IIA-2; (b) Packing diagram of IIA-2 
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Table 2-2. Hydrogen bond distances (Å) and angles (°) for IIA-2 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O1-H1 0.86(3) 1.70(3) 2.558(4) 175(2) O10 1-x, ½+y, ½-z 
O8-H8A 0.86(3) 1.77(3) 2.620(3) 169(4) O2 ½+x, y, ½-z 
O8-H8B 0.86(4) 1.96(4) 2.806(3) 167(4) O5 1+x, y, z 
O9-H9A 0.86(3) 1.96(3) 2.817(3) 179(4) O3 ½-x, ½+y, z 
O9-H9B 0.85(3) 1.96(3) 2.793(3) 164(3) O4 ½+x, y, ½-z 
O10-H10A 0.88(2) 1.91(3) 2.717(4) 153(3) O11  
O10-H10B 0.89(3) 1.94(3) 2.815(3) 171(5) O3  
O11-H11A 0.87(3) 1.90(3) 2.759(4) 171(4) O5 -x, -½+y, ½-z 
O11-H11B 0.87(2) 2.03(2) 2.897(4) 176(7) O7 x, ½-y, -½+z 
 
 
2-A-2-2-3. [Mn(H2O)6][Mn2(muia)2(H2O)2]×2CH3CN, IIA-3 and 
[Mg(H2O)6][Mg2(muia)2(H2O)2]×2CH3CN, IIA-4 
 
Complexes IIA-3 and IIA-4 were synthesized by layering acetonitrile on the 
mixture of H3muia and Mn(CH3COO)2×4H2O or Mg(CH3COO)2×4H2O, respectively,  in 
1:1 ratio. Since compounds IIA-3 and IIA-4 are isostructural, only structure of IIA-3 is 
discussed here. A representative dimeric anion of IIA-3 is shown in Figure 2-5. Each 
metal center adopts a distorted octahedral geometry in which amine N (Mn1-N1, 2.289(3) 
Å; Mg1-N1, 2.228(3) Å), aqua ligand (Mn1-O8, 2.171(3) Å; Mg1-O8, 2.065(4) Å), 
phenoxo O (Mn1-O1, 2.211(2) Å; Mg1-O1, 2.095(3) Å ) and bridging phenoxo O (Mn1-
O1a, 2.226(2) Å; Mg1-O1a, 2.044(3) Å) form an equatorial plane while two carboxylate 
O (Mn1-O2, 2.191(2) Å; Mn1-O4, 2.159(2) Å; Mg1-O2, 2.086(3) Å; Mg1-O4, 2.090(3) 
Å) occupy the axial positions. The phenoxo O atoms bridge two metal(II) atoms 
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asymmetrically to form a M2O2 ring and the center of the plane serves as crystallographic 
inversion center.  
 
 
Figure 2-5. Perspective view of ion-pair complex IIA-3. Solvent molecules and C-H 
hydrogen atoms are omitted for clarity. The atoms with the extension ‘A’ are related by 
the symmetry -x+1, -y+1, -z+1. 
 
Each unit of the dinuclear complex has two negative charge neutralized by a 
neighboring hydrated cation [M(H2O)6]
2+. The anions and cations occupy alternate 
positions as shown in the Figure 2-6a. The carboxylate groups of the anionic dimers are 
hydrogen bonded to the aqua ligands of the hexaaqua metal cations and resulted in a 
sheet-like arrangement of alternating cation and anion units in bc-plane. Packing of 
anions reveals a 3D porous network channels parallel to a-axis through C=O¼H-OH 
interactions (Figure 2-6b). The channels are occupied by [M(H2O)6]
2+ cations and 
acetonitrile molecules. There is no direct contact between the cations. The void between 
two [M(H2O)6]
2+ is filled with two acetonitrile molecules and the N atom of each 
acetonitrile is hydrogen bonded to O9 through N¼HOH. Selected hydrogen bond 
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parameters are given in Table 2-3. Furthermore, there are weak p-p interactions between 
the slip-stacked coumarin rings of complexes IIA-3 and IIA-4. The closest C¼C distance 
in the complex IIA-3 is 3.776 Å (between C2 and C12) and the farthest C¼C distance is 
3.829 Å (between C4 and C5). As for the complex IIA-4, the closest non-bonding C¼C 
distance is 3.756 Å (between C1 and C13) and farthest C¼C distance is 3.810 Å (between 
C4 and C5).   
 
Table 2-3. Hydrogen bond distances (Å) and angles (°) for IIA-3 and IIA-4 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
Compound IIA-3 
O8-H8A 0.83(5) 1.89(5) 2.718(4) 173(5) O3 1-x, ½+y, ½-z 
O8-H8B 0.86(7) 1.88(6) 2.732(4) 170(6) O7 -x, y, z 
O9-H9B 0.71(5) 2.14(5) 2.813(8) 159(5) N1S  
O10-H10A 0.83(5) 1.85(5) 2.670(4) 169(5) O4 1-x, 2-y, 1-z 
O10-H10B 0.91(5) 1.87(5) 2.773(4) 176(7) O2 x, 1+y, z 
O11-H11A 0.69(5) 2.02(5) 2.669(5) 172(5) O3 1-x, 1-y, 1-z 
O11-H11B 0.75(7) 1.93(7) 2.653(5) 166(7) O5 1-x, 2-y, 1-z 
       
Compound IIA-4 
O8-H8A 0.85(5) 1.94(5) 2.735(4) 156(5) O3 1-x, ½+y, ½-z 
O9-H9A 0.86(7) 2.05(7) 2.881(7) 165(7) N2  
O10-H10A 0.91(7) 1.76(7) 2.673(4) 175(7) O4 1-x, 2-y, 1-z 
O10-H10B 0.88(7) 1.88(7) 2.733(4) 164(6) O2 x, 1+y, z 
O11-H11A 0.82(7) 1.86(7) 2.679(4) 178(8) O3 1-x, 1-y, 1-z 
O11-H11B 0.77(7) 1.89(7) 2.656(5) 178(9) O5 1-x, 2-y, 1-z 
 




Figure 2-6. (a) Perspective view of the ion-pair complex IIA-3 showing the interactions 
between cations and anions in bc-plane; (b) interactions between anions only. Solvent 
molecules and C-H hydrogen atoms are omitted for clarity.  
 
 
2-A-2-2-4. [Mn(H2O)4.5(CH3OH)1.5]2[{Mn2(muia)2}{Mn2(muia)2(H2O)2}]×5H2O, IIA-5 
 
By changing the metal-to-ligand ratio to 2:1, an ion-pair 1D coordination polymer 
of IIA-5 was obtained, instead of discrete ion pair complex. The yellow block crystals of 
IIA-5 can lose the solvent when separated from mother liquor and turn to dark brown 
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powder when left in ambient atmosphere for one day. Figure 2-7a shows the asymmetric 
unit of ion-pair polymer of IIA-5. Interestingly, differing from other muia complexes, 
compound IIA-5 exhibits two different types of coordination environments in the anion 
core. Both Mn1 and Mn2 adopt distorted octahedral geometry. Similar to the other muia 
ion pair complexes including IIA-3, IIA-4, IIA-6 and IIB-2, the equatorial plane of Mn2 
is comprised of amine N (Mn2-N2, 2.282(4) Å), aqua ligand (Mn2-O21, 2.147(4) Å), 
phenoxo O (Mn2-O8, 2.185(4) Å) and bridging phenoxo O (Mn2-O8a, 2.117(4) Å), 
while axial positions are occupied by two carboxylate O (Mn2-O9, 2.205(4) Å; Mn2-O11, 
2.211(4) Å). For the Mn1 center, instead of aqua ligand in the equatorial position, a 
neighboring carboxylate (Mn1-O12, 2.150(4) Å) occupies the place and bridges Mn1 and 
Mn2 in bidentate fashion to form 1D coordination polymer.  
The connectivity between the two types of dimers in the anion is schematically 
illustrated in Figure 2-7b. It is shown that the two different repeating dimeric units 
alternate in the 1D coordination polymeric chain, in which one with aqua ligand and 
another with bridging carboxylate. For the cation, instead of hexaaqua cation as in IIA-3 
and IIA-4, IIA-5 is in distorted octahedral geometry with 4.5 aqua ligands and 1.5 
methanol molecules. 
The solvated Mn(II) cations are hydrogen bonded to the anionic polymeric strand 
as shown in Figure 2-8a. It is noticeable that the complex IIA-5 does not exhibit the 
alternate arrangement of cations and anions in two dimensions as observed in IIA-3, IIA-
4 and IIB-2. In this connection, all solvent molecules at Mn3 are hydrogen bonded to the 
adjacent carboxylate groups through complementary O-H¼O interactions and form a 3D 
hydrogen-bonded network. The cations fall within the 1D anionic coordination polymeric 
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strands and hold firmly through hydrogen bonding interactions. Figure 2-8b displays the 
position of Mn(II) cations within the layer structures furnished by anionic polymers. 
Furthermore, lattice water molecules positioned and sustained within the hydrogen-
bonded network between cation and anionic polymers. Some of the selected hydrogen 





























Figure 2-7. (a) A perspective view of asymmetric unit of the anion in IIA-5. The atoms 
with the extension ‘A’ are related by the symmetry -x+1, -y+1, -z+1; (b) The schematic 
representation of the 1D polymeric anion in IIA-5. The Mn(II) cation and solvent 
molecules are omitted for clarity.  
 







Figure 2-8. Packing diagram of IIA-5 showing hydrogen bonding interactions between 
anionic polymer and Mn(II) cations; (b) Placement of Mn(II) cations within the anionic 
polymeric strands. All C-H hydrogen atoms and solvent molecules are omitted for clarity. 
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Table 2-4. Hydrogen bond distances (Å) and angles (°) for IIA-5 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O15-H15A 1.02(8) 1.68(8) 2.698(6) 179(9) O4  
O15-H15B 0.91(8) 1.87(8) 2.756(6) 167(7) O2 1-x, 1-y, 1-z 
O16-H16A 1.11(6) 2.27(8) 2.780(7) 106(4) O7 -x, -y, 1-z 
O16-H16B 0.85(8) 1.89(9) 2.736(7) 172(9) O11 -1+x, y, z 
O17-H17A 0.90(2) 2.04(5) 2.838(8) 148(7) O3 1-x, 1-y, 1-z 
O17-H17B 0.90(4) 2.19(5) 3.065(9) 166(6) O3 -1+x, y, z 
O18-H18B 0.94(7) 1.75(7) 2.692(9) 175(8) O5  
O19-H19 0.94 2.07 2.648(6) 118 O9 1-x, 1-y, 2-z 
O20-H20 0.94 1.81 2.6334 145 O10 1-x, 1-y, 2-z 
O21-H21A 0.90(5) 1.84(5) 2.731(7) 169(5) O22  
O21-H21B 0.90(6) 1.83(6) 2.694(8) 160(7) O23  
O22-H22A 0.91(6) 1.95(7) 2.849(7) 170(7) O7 1-x, -y, 1-z 
O22-H22B 0.90(4) 2.10(3) 2.969(8) 161(6) O14 x, -1+y, z 
O23-H23A 0.89(7) 1.86(7) 2.731(8) 165(6) O10 1-x, 1-y, 2-z 
O23-H23B 0.90(5) 2.33(5) 3.052(15) 137(6) O24 1-x, 1-y, 2-z 
O24-H24A 0.91(10) 2.30(12) 2.903(17) 124(12) O14  
O24-H24B 0.90(12) 2.22(10) 3.012(16) 146(11) O19  
      Note: e.s.d. for calculated hydrogen atom positions are not given. 
 
2-A-2-2-5. [Zn(H2O)5][Zn2(muia)2(H2O)2], IIA-6 
 
Complex IIA-6 also exists as an ion-pair complex which consists of a disordered 
pentaaqua cation and a dimeric anion. In the dimeric anion core with crystallographic 2-
fold rotational symmetry and the coordination of Zn(II) center with muia ligand is similar 
to the other complexes. The Zn(II) center adopts distorted octahedral geometry with muia 
ligand coordinated through amine N (Zn1-N1, 2.188(3) Å), phenoxo O (Zn1-O1, 2.137(3) 
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Å), bridging O atoms (Zn1-O1a, 2.035(2) Å) and two carboxylate O (Zn1-O2, 2.106(2) Å; 
Zn1-O4, 2.102(2) Å). The bond distance between Zn1 and aqua ligand O8 is 2.135(3) Å. 
However, unlike other ion-pair complexes, the dimeric structure is twisted as shown in 
Figure 2-9. The pentaaqua Zn(II) cation has the crystallographic 2-fold axis going 
through Zn2-O9 bond and exhibits distorted trigonal bipyramidal  geometry (t = 0.88).182 
The aqua ligands of O11 and O12 are disordered. It is noticeable that there is no p-p 
stacking observed in IIA-6, as compared with other aforementioned ion pair complexes.  
 
 
Figure 2-9. A perspective view of IIA-6 with disordered pentaaqua Zn(II) cation. The 
atoms with the extension ‘A’ are related by the symmetry -x+1, y, -z+½. 
 
Owing to the non-planar geometry of dimeric anion and trigonal bipyramidal 
geometry of pentaaqua cation, the packing of IIA-6 does not exhibit a stable and rigid 
hydrogen-bonded cation and anion alternate arrangement as observed in other ion-pair 
complexes IIA-3, IIA-4 and IIB-2. The dimeric anions form a porous honeycomb-like 
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hydrogen-bonded network structure in ab-plane with channels along c-axis as shown in 
Figure 2-10a. The cavities are filled by [Zn(H2O)5]
2+ cations as displayed in Figure 2-10b. 
The detailed intermolecular interactions between the anions and cations are shown in 
Figure 2-10(c to e). The porous honeycomb-like hydrogen-bonded network is formed by 
dimeric anions through O8-H8B¼O3 and O8-H8A¼O5 interactions (Figure 2-10c). The 
interactions between the anions and cations in ab-plane are shown in Figure 2-10d and 
Figure 2-10e. Except one aqua ligand, the other aqua ligands are hydrogen bonded to the 
carboxylate oxygens in ab-plane. The “non-bonded” aqua ligand which is roughly along 
c-axis involved in the complementary OH2
¼O=C interactions with the carbonyl oxygen 
of the coumarin group. Table 2-5 summarizes the hydrogen bond parameters of IIA-6. 
 
Table 2-5. Hydrogen bond distances (Å) and angles (°) for IIA-6 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O8-H8A 0.90(1) 1.90(1) 2.761(3) 160(1) O5 3/2-x, ½+y, ½-z 
O8-H8B 0.90(1) 1.99(1) 2.828(3) 155(1) O3 3/2-x, -½+y, ½-z 
O9-H9 0.90(1) 1.80(2) 2.652(3) 159(3) O2 x, -1+y, z 
O10-H10A 0.90(2) 1.85(2) 2.725(4) 164(2) O3 x, -1+y, z 
O10-H10B 0.90(2) 1.72(2) 2.619(4) 170(3) O5  
O11-H11A 0.91(1) 2.01(1) 2.869(6) 157(1) O4  
O12-H12B 0.90(1) 1.84(2) 2.625(7) 144(3) O7 -½+x, ½+y, -½+z 
 




Figure 2-10. (a) A packing diagram of anionic IIA-6 down from c-axis showing 
honeycomb-like cavity; (b) Perspective view of IIA-6 showing cations in the 
honeycomb-like cavity with space filling model; (c) Hydrogen bonding interactions 
between anions; (d) and (e) Intermolecular interactions between anions and cations in ab-
plane.  
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2-A-2-3. Infrared studies  
 
Selected IR bands for the complexes IIA-1 to IIA-8 are presented in Table 2-6. In 
all of these complexes, the IR absorption bands around 3430 cm-1 confirm the presence of 
water molecules and this is further supported by the weight loss observed in 
thermogravimetry. Interestingly, in IIA-3 and IIA-4, sharp peaks ~3615 cm-1 indicate 
that the O-H bonds are free from hydrogen bonding. These observations later have been 
confirmed by the solid state structures of the corresponding complexes. Furthermore, the 
absorption bands in the region 1685-1726 cm-1 are due to the asymmetric vibration of 
coordinated carboxylate group [uas (COO-)] and the bands in the region 1388-1396 cm-1 
may be attributed to the symmetric stretching vibration of carboxylate group [us (COO-)]. 
The Du of 296-338 cm-1 observed in all the complexes except IIA-5 suggests the 
monodentate coordination mode of carboxylate and the same has been confirmed by the 
X-ray crystal structures. The observed Du of 286 cm-1 in IIA-5 suggests the bridging 
carboxylate has been reflected which is proved by X-ray crystal structure. The bands 
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Table 2-6. Selected IR absorption bands (cm-1) in IIA-1 to IIA-8 
 
Complex u (free OH) u(OH) uas(COO-) us(COO-) u(CO) 
phenoxo 
Du 
IIA-1 --- 3535 1726 1388 1304 338 
IIA-2 --- 3392 1708 1395 1298 313 
IIA-3 3611 3344 1685 1389 1310 296 
IIA-4 3619 3443 1709 1389 1315 320 
IIA-5 --- 3362 1677 1391 1310 286 
IIA-6 --- 3427 1689 1389 1316 300 
IIA-7 --- 3415 1701 1390 1340 311 
IIA-8 --- 3482 1708 1396 1344 312 
 
2-A-2-4. UV-vis absorption studies 
 
The UV-vis absorption spectra for all the complexes exhibit a strong absorption 
band in the range of 336-356 nm which may be assigned to the p-p* transition of the 
ligand. The d-d transition bands for transition metal complexes are rather weak compared 
to the pronounced p-p* absorption band, thus determination of d-d transitions in IIA-1 
and IIA-2 were recorded separately with higher concentration of the complexes. The d-d 
transition for IIA-1 and IIA-2 were found 724 nm and 654 nm, respectively.188 No d-d 
transition band was observed of IIA-3 and IIA-5 even in concentrated solution. The solid 
state UV-vis spectra of complexes show similar p-p* absorption band in the range of 
337-374 nm suggesting that the complex structures do not change drastically in the 
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Table 2-7. UV-vis data of IIA-1 to IIA-8 
 
Complex Absoprtion bands 
 (Methanol) (Nujol) 
 d-d (e)a p-p* p-p* 
IIA-1 724 (53) 334 (9865) 342 
IIA-2 654 (90) 356 (11920) 346 
IIA-3 --- 354 (28190) 374 
IIA-4 --- 356 (22280) 345 
IIA-5 --- 356 (26700) 367 
IIA-6 --- 350 (7740) 365 
IIA-7 --- 374 (6540) 343 
IIA-8 --- 336 (12595) 337 
        [a]: e (M-1 cm-1) 
 
2-A-2-5. Thermogravimetric and ESI-MS studies  
 
 Table 2-8 summarizes the TG data for IIA-1 to IIA-8. The TG of IIA-1 displayed 
weight loss of 18.6% (calculated 18.3%) corresponding to the loss of methanol and three 
water molecules. The weight loss of 15.5% (calculated 16.0%) for IIA-2 indicates the 
presence four water molecules. The TG of IIA-3 and IIA-4 showed the weight loss of 
16.1% (calculated 15.2%) and 16.6 (calculated 16.9%) respectively corresponding to the 
loss of eight water molecules. This observation indicates that the acetonitrile molecules 
are loosely hydrogen bonded in the crystal lattice and lost when the complexes were dried. 
The TG of IIA-5 and IIA-6 shows weight loss of 15.9% (calculated 15.3%) and 13.7% 
(calculated 13.2%) respectively indicates loss of sixteen and seven water molecules. The 
weight loss of 19.1% (calculated 19.2%) agrees well with the loss of ten water molecules 
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in IIA-7. Weight loss of 17.6% (calculated 17.8%) corresponding to one acetonitrile and 
six water molecules has been found in IIA-8.     
 
Table 2-8. TG data of IIA-1 to IIA-8 




Wt. loss (%)a Decomp. temp. 
(°C) 
IIA-1 1 CH3OH 
3 H2O 
75-183 18.6 (18.3) 309 
IIA-2 4 H2O 95-217 15.5 (16.0) 350 
IIA-3 8 H2O 66-124 16.1(15.2) 338 
IIA-4 8 H2O 64-255 16.6(16.9) 384 
IIA-5 16 H2O 37-86 15.9(15.3) 342 
IIA-6 7 H2O 34-148 13.7(13.2) 366 
IIA-7 10 H2O 29-122 19.1(19.2) 320 
IIA-8 1 CH3CN 
6 H2O 
30-154 17.6(17.8) 327 
  [a]: calculated % weight loss is given in parenthesis 
 
The structural behavior of all the complexes in methanol solution has been 
investigated by ESI-MS. In these complexes, there was only one major peak has been 
observed for [ML]- in the negative scan mode as tabulated in Table 2-9. The [ML]-  peaks 
can be assigned to the mononuclear complexes of IIA-1 (381.0) and IIA-2 (376.2). ESI-
MS data of complexes IIA-3 to IIA-6 indicate that the dimeric anions are dissociated into 
monomeric species with the m/z in the range of 373.2-382.4. Complexes IIA-7 and IIA-8 
exhibit a predominant peak corresponding to [ML]- species with water molecules. 
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Table 2-9. ESI-MS data of IIA-1 to IIA-8 
 
Complex Principal molecular species  
(m/z, % peak heighta) 
Complex Principal molecular species  
(m/z, % peak heighta) 
IIA-1 [Cu(muia)]- (381.4, 100) IIA-5 [Mn(muia)]- (373.2, 100) 
IIA-2 [Ni(muia)]- (376.2, 100) IIA-6 [Zn(muia)]- (382.4, 100) 
IIA-3 [Mn(muia)]- (373.2, 100) IIA-7 [Ca(muia)(H2O)]
- (376.4, 100) 
IIA-4 [Mg(muia)]- (382.3, 100) IIA-8 [Al(muia)(H2O)]
- (362.5, 100) 
[a]: Percentage refers to the height relative to the most intense peak in the spectrum 
 
2-A-2-6. Solid-state fluorescence studies 
 
Coumarin compounds are well-established analytical reagents in the 
determination of metals.72 Calcein Blue is one of the useful fluorescent indicators in 
metal ion titrations. Alkali earth and first-row transition metal complexes of Calcein Blue 
formed in situ have been studied for their fluorescence properties in solution. It was 
found that the free ligand exhibited a bright blue fluorescence. Upon addition of 
transition metals, the fluorescence of indicator were quenched. Addition of alkali earth 
metal ions to the indicator can retain the fluorescence properties.179-181  
Figure 2-11 shows the solid-state fluorescence spectra for free ligand and 
complexes IIA-1 to IIA-8 upon excitation at l = 350 nm. It has been observed that the 
free ligand exhibits emission around 395 nm in solid state which deviates from the 
reported emission about 450 nm in the solution state.179-181 This may be attributed to the 
fact that the fluorescence behavior of Calcein Blue is pH dependent and most of the 
fluorescence studies were performed in basic solution. Nevertheless, in this context, the 
Calcein Blue was examined in the neutral form and do not undergo hydrolysis. On the 
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other hand, complexes IIA-4, IIA-6 to IIA-8 exhibit strong blue emission with maxima 
ca. 420 nm. Interestingly, complex IIA-7 exhibits a red shift of 20 nm as compared to 
other complexes. The fluorescence properties of ligand are quenched for transition metal 
complexes IIA-1 to IIA-3 and IIA-5. The results are in agreement with the reported 
solution studies. As indicated from UV-vis studies, the similar absorption spectra in the 
solution and solid state evidenced that the complex structures remain the same in the 
solution state. Thus, it is reasonable that the complexes show comparable fluorescence 
properties in both solution and solid state. 
   


























Figure 2-11. Solid-state fluorescence spectra for complexes IIA-1 to IIA-8 upon 











Several main group and transition metal complexes of muia ligand have been 
synthesized and characterized by X-ray crystallography except for IIA-7 and IIA-8. The 
muia ligand coordinates to metal(II) ions through tetradentate mode. Depending on the 
experimental conditions, phenoxo O can be deprotonated and bridged two metal centers 
to form a dimeric structure as M2O2. The Cu(II) and Ni(II) complexes display 
mononuclear structure while Mn(II), Mg(II) and Zn(II) complexes exist as ion-pair 
complexes. By variation of reactant ratio, Mn(II) complex can be obtained as an ion-pair 
coordination polymer. The presence of various hydrogen bond donors and acceptors in 
the ligand contributes to extensive hydrogen bonding interactions in the solid state of 
these complexes. Interestingly, in ion-pair complexes IIA-3, IIA-4 and IIA-6, anionic-
metal muia moieties construct 3D porous channels through hydrogen bonding and the 
complementary metal cation entities fill the cavities. We have demonstrated that both 
intermolecular hydrogen bonding and p-p interactions play important roles in the solid 
state structure of muia complexes. In this context, p-p stacking is mainly observed in ion 
pair complexes but not in mononuclear complexes, indicating that p-p stacking is 
important in the formation of ion pair complexes for stable interaction of cation and anion. 
Solid-state fluorescence studies indicate that complexes of muia have the similar 
emission properties as in the solution state. Transition metal ions quench the fluorescence 
of muia while alkali earth and post transition metal complexes of muia exhibit strong blue 
emission.  







Self-Assembly of Ion-Pair Complexes: One-pot Crystallization 
and Pseudosupramolecular Isomerism 
 





The design and construction of coordination polymers are of current interest for 
the past two decades.171-178 Ion-pairing189-194 and hydrogen bonding173, 174, 195, 196 
interactions are important in the construction and design of supramolecular networks of 
cation and anion building blocks. Ion-pair complexes with same metal ions are also 
available in the literature.197, 198 In some of the ion-pair complexes, the cations exist as 
water solvates and exhibit interesting hydrogen-bonded polymeric structures.199-206 It is 
well known that directional hydrogen bonding interactions can organize molecules into 
supramolecular aggregates through complementary hydrogen bond donors and acceptor 
functionalities. In particular, metal aqua ions can act as excellent hydrogen bond donors 
with limited acceptor properties, and hence little intermolecular self-complementary.207 
The hydrogen bonds formed by aqua ligands with carboxylate groups are sufficiently 
strong to control recognition and self-assembly of metal-aqua ions and carboxylate 
anions in robust three-dimension network.  
In this connection, transition metal complex ion pairs have attracted immense 
interest because they play an important role in the chemical reactions. The substituents on 
the cation and anion can determine the relative anion-cation orientations, that is, the ion-
pair structure, and the stoichiometry or catalytic reactivity. The ion-pair complexes can 
be categorized into contact ion pairs, solvent-shared ion pairs, solvent-separated ion pairs, 
and penetrated ion pairs.208  
On the other hand, though design of supramolecular architectures by combination 
of organic building blocks with metal ions have been studied extensively, the precise 
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prediction of supramolecular interactions still remains challenging. Intermolecular 
interactions have played determinant role in the crystal packing and may result 
polymorphism and pseudo-polymorphism in the solid state. Polymorph is a solid 
crystalline phase of a compound resulting from the possibility of at least two different 
arrangements of the molecules of that compound in the solid state. Pseudopolymorphs are 
crystals formed by the same substance crystallized with different amounts or types of 
solvent molecules.171  
The supramolecular isomerism in coordination polymers can be driven by 
crystallization conditions such as solvent, reaction temperature and concentration. The 
same crystallization condition produce crystals of more than one polymorph in the same 
crystallization batch, a phenomenon known as concomitant polymorphism, makes the 
control of polymorphism even more challenging.209 
In this section, the single pot crystallization and pseudosupramolecular isomerism 
observed in cobalt(II) complexes of the muia are presented. X-ray diffraction studies 
have provided the insight of the solvent-driven self-assembly of three structurally related 
Co(II) complexes, i.e. [Co(H2O)4(CH3CN)2][Co(muia)(H2O)2]2 (IIB-1), 
[Co(H2O)6][Co2(muia)2(H2O)2]×2CH3CN (IIB-2) and [{Co(H2O)4}{Co2(muia)2-
(H2O)2}]×11H2O, (IIB-3).  Complexes IIB-1 and IIB-2 were synthesized in one-pot 
reaction in which IIB-1 was crystallized as major and kinetically favorable product while 
IIB-2 was crystallized as minor and thermodynamically favorable crystals. Furthermore, 
IIB-3 was obtained with different crystallization conditions as a pseudo-supramolecular 
isomer of IIB-2.   
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2-B-2. Results and discussion 
2-B-2-1. Synthesis 
 
Reaction of H3muia ligand with Co(CH3COO)2×4H2O in an equimolar ratio gave 
rod-like orange crystals of IIB-1 when layered with excess acetonitrile after one week. 
Interestingly, red cubic crystals of IIB-2 can be obtained as a minor product from the 
same mother liquor after the evaporation of acetonitrile solvent. This has furnished of two 
different complexes from facile one-pot crystallization. Complex IIB-3 was obtained by 
layering the ethanolic solution of cobalt acetate on the top of basic aqueous solution of 
muia in molar ratio 2:1.  
 
2-B-2-2. Description of crystal structures 
2-B-2-2-1. [Co(H2O)4(CH3CN)2][Co(muia)(H2O)2]2, IIB-1 
 
Single-crystal X-ray diffraction reveals that IIB-1, crystallized in the triclinic 
space group Pī, is an ion-pair complex. A ball and stick diagram of IIB-1 is shown in 
Figure 2-12. Compound IIB-1 consists of solvated cobalt cation and two complex anions. 
In the anionic unit, the muia ligand is coordinated to the Co(II) center, which adopts a 
distorted octahedral geometry, comprised of a tertiary amine N (Co1-N1, 2.140(2) Å), 
phenoxo O (Co1-O1, 2.040(2) Å), two carboxylate O (Co1-O2, 2.115(2)Å and Co1-O4, 
2.077(2) Å), and two aqua ligands (Co1-O8, 2.134(2) Å, Co1-O9, 2.085(2) Å). As for the 
cation, four water molecules and two acetonitrile are coordinated to the Co(II) center. 
 




Figure 2-12. A perspective view of IIB-1. The atoms with the extension ‘A’ are related 
by the symmetry -x+1, -y+1, -z+1.    
 
The packing diagram of IIB-1 is shown in Figure 2-13a. All four aqua ligands in 
the solvated cobalt cation are hydrogen bonded to the carbonyl or carboxylate O atoms of 
the adjacent anionic complex as shown in Figure 2-13b. In addition, both aqua ligands 
bonded to the Co1 in the anion core are hydrogen bonded to the phenoxo O and 
carboxylate group of the neighboring anion core as shown in Figure 2-13c. This has 
transformed IIB-1 into a hydrogen-bonded 3D network structure. The relevant hydrogen 
bond parameters are given in Table 2-10. The neighboring coumarin rings are slip-
stacked along the a-axis and the closest distances between the two aromatic rings are 
3.563 Å (between C13 and C14) and 3.624 Å (between C12 and C15). There seems to be 
no alignment of C=C bonds or C=O¼p interactions.  




Figure 2-13. (a) A perspective view of the hydrogen-bonded network of IIB-1 viewed 
from Z-direction; (b) Hydrogen-bonding interaction between cation and anion; (c) A 
perspective view of hydrogen bonding interactions between the anions with the labeling 
scheme. All C-H hydrogen atoms are omitted for clarity. 
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Table 2-10. Hydrogen bond distances (Å) and angles (°) for IIB-1 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O8-H8A 0.76(3) 2.08(3) 2.832(3) 176(3) O4 1-x, -y, -z 
O8-H8B 0.78(2) 2.10(2) 2.848(3) 159(3) O1 -x, -y, -z 
O9-H9A 0.77(3) 1.95(3) 2.714(3) 169(3) O5 -1+x, y, z 
O9-H9B 0.77(2) 1.95(2) 2.707(3) 167(2) O1 -x, -y, -z 
O10-H10A 0.77(2) 1.89(2) 2.668(3) 177(3) O3 1-x, 1-y, 1-z 
O10-H10B 0.77(2) 2.04(2) 2.766(3) 159(3) O7 x, 1+y, z 
O11-H11A 0.76(2) 2.16(2) 2.850(3) 152(2) O7 x, 1+y, z 
O11-H11B 0.77(2) 1.95(2) 2.715(3) 171(3) O2  
 
2-B-2-2-2. [Co(H2O)6][Co2(muia)2(H2O)2]×2CH3CN, IIB-2  
 
Compound IIB-2 was obtained from the same reaction mixture of IIB-1 after a 
longer crystallization period as a minor product. It is notable that IIB-2 is isostructural 
with complexes IIA-3 and IIA-4 in the previous section. A perspective view of IIB-2 is 
shown in Figure 2-14. In the dimeric structure, a tertiary amine N (Co1-N1, 2.157(2) Å), 
two bridging phenoxo O (Co1-O1, 2.116(2) Å and Co1-O1a, 2.054(2) Å), two 
carboxylate O (Co1-O2, 2.111(2) Å and Co1-O4, 2.082(2) Å) and an aqua ligand (Co1-
O8, 2.127(2) Å) are coordinated to each Co(II) center. The phenoxo oxygen, O1, bridged 
to another Co(II) center to form a Co2O2 ring, the center of which serves as inversion 
center. 
 




Figure 2-14. A perspective view of the ion-pair complex of IIB-2. All hydrogen atoms 
and solvent molecules are omitted for clarity. The atoms with the extension ‘A’ are 
related by the symmetry -x+1, -y+1, -z+1. 
 
Interestingly, each unit of the dinuclear complex has two negative charges 
neutralized by a neighboring hydrated cation, [Co(H2O)6]
2+, which is hydrogen bonded to 
two dimeric anions as shown in Figure 2-15a. The carboxylate groups of the anionic 
dimers are hydrogen bonded to the aqua ligands of the hexaaquacobalt cation resulting in 
the arrangement of alternate cation and anion units in two dimensions. The details of the 
packing in different direction are displayed in Figure 2-15b. Table 2-11 contains some of 
the selected hydrogen bond parameters of IIB-2. The neighboring aromatic rings are 
arranged parallel to each other to form a 1D hydrogen-bonded polymer along the a-axis 
as shown in Figure 2-15b, but the rings are slip-stacked such that the O6 atom falls at the 
center of the phenyl ring of the neighboring anion with the distance of 3.436 Å. Other 
closer distances between the aromatic rings are 3.451 Å between C1 and C12 and 3.318 
Å between C5 atoms. Such p-p stacking in metal complexes with aromatic rings is 
important in stabilizing the supramolecular structures in the solid state.7 In short, IIB-2 is 
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an interesting ion-pair complex in which the water molecules and muia ligands interpose 
between the ions. Six coordinated water molecules on the Co2 act as solvent, which 
separated the ions and sustained the hydrogen-bonded network. 
 
 
Figure 2-15. (a) A perspective view of the alternating arrangement of the ion-pair in IIB-
2; (b) Hydrogen bonding and p-p interactions between the anions. The C-H hydrogen 
atoms and solvent molecules are omitted for clarity. 
 
In this context, compounds IIB-1 and IIB-2 are one-pot crystallized compounds 
of which IIB-1 is a kinetic product in the presence of excess acetonitrile solvent, whereas 
a longer period of crystallization allows evaporation of acetonitrile and facilitates the 
formation of IIB-2. In IIB-2, the Co2 atom is solvated by water and acetonitrile 
molecules. When the monomeric anion dimerized by bridging through phenoxo oxygen, 
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the acetonitrile molecules of the Co(2) atom were replaced by water molecules and a 
stable hexaaquacation was formed. The concentration of acetonitrile plays an important 
role in the formation of monomeric and dimeric structure as well as the type of ion-pair 
of cobalt(II) complexes. The hydrogen bonding and p-p interactions are responsible for 
the structural and conformational changes from IIB-1 to IIB-2.  
 
Table 2-11. Hydrogen bond distances (Å) and angles (°) for IIB-2 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O8-H8A 0.83(3) 1.92(3) 2.746(3) 172(3) O3 x, ½-y, ½+z 
O8-H8B 0.83(2) 1.96(2) 2.773(4) 168(3) O7 2-x, 1-y, 1-z 
O9-H9A 0.83(3) 1.85(3) 2.679(3) 175(3) O3  
O9-H9B 0.83(3) 1.83(3) 2.642(4) 170(4) O5 x, -1+y, z 
O10-H10A 0.83(3) 1.92(3) 2.753(3) 177(3) O2 1-x, -y, 1-z 
O10-H10B 0.83(3) 1.85(3) 2.664(3) 168(3) O4 x, -1+y, z 
O11-H11A 0.82(3) 2.06(4) 2.870(5) 171(3) N1S -x, -y, 1-z 
 
2-B-2-2-3. [{Co(H2O)4}{Co2(muia)2(H2O)2}]×11H2O, IIB-3 
 
Compound IIB-3 was obtained by layering the ethanolic solution of cobalt acetate 
on the top of basic aqueous solution of muia in molar ratio 2:1. Interestingly, variation of 
metal to ligand ratio has facilitated the formation of coordination polymer instead of ion 
pair complex. The molecular structure of ion-pair complex polymer IIB-3 is shown in 
Figure 2-16. The connectivity in the dinuclear core is similar to that in IIB-2 with slight 
differences in the bond distances and angles. The Co1 center is coordinated with a 
tertiary amine N (Co1-N1, 2.129(2) Å), two bridging phenoxo O (Co1-O1, 2.073(2) Å 
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and Co1-O1a, 2.097(2) Å), two carboxylate O (Co1-O2, 2.077(2) Å and Co1-O4, 2.069(2) 
Å) and an aqua ligand (Co1-O8, 2.141(2) Å).  
 
 
Figure 2-16. A perspective view in the repeating unit of the 1D polymer IIB-3 by ion 
pairing. The atoms with the extension ‘A’ and ‘B’ are related by the symmetry -x+1, -y+1, 
-z+1 and -x+1, -y+1, -z respectively. 
 
Two neighboring Co(H2O)4 moieties are coordinated to the dimeric unit via 
carbonyl oxygen O5 and leading to a 1D coordination polymeric structure as shown in 
Figure 2-17a. The hydrated Co2 also displays a distorted octahedral geometry with four 
water molecules and two carbonyl oxygen atoms. The 1D coordination polymer strands 
further interact with neighboring strands and water molecules to furnish a 2D network 
sustained by the hydrogen bonding as depicted in Figure 2-17b. Table 2-12 contains some 
of the selected hydrogen bond parameters of IIB-3. The packing diagram of IIB-3 reveals 
that a (H2O)16 water cluster may be encapsulated within the crystal lattice between the 
two strands of 1D polymer. However, the exact nature of this water cluster is not very 
well-defined due to partial occupancy and disorder present in the lattice water oxygen 
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atoms. It is worth noting that the water cluster shows a chair-like conformation consisting 
of four lattice water molecules and two aqua ligands, which are bonded to Co(2) atom. 
Chair-like cyclic hexameric water clusters have been reported theoretically210-213 and 
experimentally.214-222 
 
Table 2-12. Hydrogen bond distances (Å) and angles (°) for IIB-3 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O8-H8A 0.87(4) 1.97(4) 2.797(3) 158(4) O2 1-x, 1-y, 1-z 
O8-H8B 0.80(4) 1.86(4) 2.642(3) 166(4) O3 1+x, y, z 
O10-H10A 0.65(5) 2.12(5) 2.762(10) 168(5) O13  
O10-H10A 0.65(5) 2.18(5) 2.802(10) 160(6) O13A  
O10-H10B 0.84(5) 1.89(5) 2.726(4) 174(5) O12  
O9-H9A 0.90(5) 2.12(5) 2.811(4) 134(4) O4 1-x, 1-y, -z 
O9-H9A 0.90(5) 2.34(5) 3.032(5) 134(4) O11 2-x, 1-y, -z 
O9-H9B 0.63(5) 2.12(5) 2.739(7) 165(5) O14 2-x, 1-y, -z 
O11-H11B 0.81(5) 1.96(5) 2.765(4) 172(5) O7 1+x, 1+y, z 
O12-H12A 0.84(5) 1.85(5) 2.668(5) 163(5) O11  
O12-H12B 0.83(5) 2.00(6) 2.827(4) 174(4) O8  
O13-H13A 0.90(3) 1.90(5) 2.734(10) 153(7) O12 2-x, 1-y, -z 
O13-H13B 0.90(3) 2.54(9) 2.858(12) 102(6) O14  




Figure 2-17. (a) A view along the a-axis showing a portion of the 2D hydrogen-bonded 
structure in IIB-3; (b) A perspective view of hexameric water cluster encapsulated in the 
2D framework. All hydrogen atoms are omitted for clarity. 
 
 
Compounds IIB-2 and IIB-3 are pseudo-supramolecular isomers which differ in 
the nature of the solvent molecules. The major difference between IIB-2 and IIB-3 lies 
on the hydrated Co2 atom. In IIB-3, only four water molecules are bonded to the Co2 
atom, and the octahedral geometry is completed by two carbonyl O atoms from the 
neighboring dinuclear unit, whereas in IIB-2, the Co2 atom is coordinated with two more 
water molecules to form a stable hexaaqua cobalt cation.  
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Furthermore, it is worthwhile to note that complexes IIB-3 and IIA-5 exhibit ion-
pair coordination polymeric structure. Both compounds were obtained with excess 
amount of metal ions and resulted in 1D coordination polymeric network. Both polymers 
are arised from carbonyl oxygen which bridged the metal centers. Nevertheless, there are 
two types of repeating unit in IIA-5 while only one kind of repeating unit in IIB-3. To 
account charge balance, there is a solvated metal cation in IIA-5. Hence, when the 1D 
polymeric strands were linked through hydrogen bondings, solvated cations were 
encapsulated in IIA-5 while water cluster resided in IIB-3. 
 
2-B-2-3. Infrared spectra 
 
Selected IR bands for the complexes are given in Table 2-13. The IR absorption 
bands of complexes IIB-1 to IIB-3 in the range of 3400 cm-1 confirm the presence of 
lattice and coordinated water molecules in these complexes. This is later supported by 
crystal structures and weight loss observed in thermogravimetry. The sharp peaks ~ 3570 
cm-1 indicate the presence of O-H bonds which are free of hydrogen bonding. These 
observations further confirmed by the solid state structures of the corresponding 
complexes. The absorption bands in the region 1647-1686 cm-1 are due to the asymmetric 
vibration of coordinated carboxylate group [uas (COO-)]. The bands in the region 1388-
1395 cm-1 may be attributed to the symmetric stretching vibration of carboxylate group 
[us (COO-)]. The Du value of 297 cm-1 in IIB-1 and IIB-2 suggests the monodentate 
coordination mode of carboxylate while lower Du value of 252 cm-1 in IIB-3 reflects the 
bridging coordination mode. The coordination of carboxylate groups have further 
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evidenced by the X-ray crystal structures. The bands around the 1298-1309 cm-1 may be 
assigned to u (C-O) of phenoxo group.187  
 
Table 2-13. IR spectral data of IIB-1 to IIB-3 
 
Complex u(free OH) u(OH) uas(COO-) us(COO-) u(CO) phenoxo Du 
IIB-1 3527 3308 1685 1388 1298 297 
IIB-2 3609 3414 1686 1389 1309 297 
IIB-3 3573 3402 1647 1395 1302 252 
 
2-B-2-4. UV-vis absorption studies 
 
Table 2-14 contains the UV-vis data for IIB-1 to IIB-3. The UV-vis absorption 
spectra for all the complexes exhibit a strong absorption band around 353 nm which may 
be assigned to the p-p* transition of the ligand. The d-d transition bands are rather weak 
compared to the pronounced p-p* absorption band, thus determination of d-d transitions 
were recorded separately with higher concentration of the complexes. The d-d transition 
fall in the range of 518-532 nm. The solid state UV-vis spectra of complexes show 
similar p-p* absorption band ca. 368 nm suggesting that the complex structures do not 
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Table 2-14. UV-vis data of IIB-1 to IIB-3. 
 
Complex Absoprtion bands 
 (Methanol) (Nujol) 
 d-d (e)a p-p* p-p* 
IIB-1 518 (140) 353 (5680) 370 
IIB-2 532 (230) 353 (30155) 366 
IIB-3 521 (210) 354 (28630) 370 
             [a]: e (M-1 cm-1) 
 
2-B-2-5. Thermogravimetric and ESI-MS studies 
 
 Thermogravimetric results for IIB-1 to IIB-3 are summarized in Table 2-15. The 
TG of air-dried IIB-1 displayed the weight loss of 18.5% (calculated 18.9%) 
corresponding to the loss of one acetonitrile and eight water molecules. It was found that 
one of the acetonitrile molecules was lost during the decantation from mother liquor. The 
TG of IIB-2 showed the weight loss of 21.8% (calculated 20.8%) for the loss of all 
solvent molecules, i.e. two acetonitrile and six water molecules. All the solvent molecules 
were found still retained in IIB-2 after air-dried may be attributed to the hydrogen 
bonding interactions that hold the solvents firmly. Weight loss of 11.7% (calculated 
12.1%) corresponding to two lattice water molecules and six aqua ligands have been 
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Table 2-15. TG data of IIB-1 to IIB-3 
 




Wt. loss (%)a Decomp. temp. 
(°C) 
IIB-1 1 CH3CN 
8 H2O 
38-206 18.5 (18.9) 340 
IIB-2 2 CH3CN 
6 H2O 
36-209 21.8 (20.8) 351 
IIB-3 8 H2O 55-209 11.7 (12.1) 376 
  [a]: calculated % weight loss is given in parenthesis  
 
The structural behavior of IIB-1 to IIB-3 in methanolic solution has been studied 
by ESI-MS. For IIB-1, there was only a major peak has been observed in the negative 
scan corresponding to [CoL]- with m/z at 377.3. As for IIB-2 and IIB-3, there were also 
dominant peaks at m/z 377.1 and 377.2 respectively. These findings indicate that the 
dimeric anions in IIB-2 and IIB-3 are dissociated into monomeric species, which is 




This report presents interesting self-assembly of Co(II) muia complexes. These 
complexes demonstrate self-assembly of muia. In all these compounds, the hydrated or 
solvated cobalt moieties are involved and stabilized the formation of hydrogen-bonded 
network. The one-pot crystallization has successfully shown to be useful for the 
concomitant self-assembly of monomeric and dimeric ion pair cobalt complexes. 
Monomeric IIB-1 is a kinetic product in the presence of excess acetonitrile solvent, 
whereas a longer period of crystallization allows formation of dimeric IIB-2. It appears 
that the concentration of acetonitrile, hydrogen bonding and p-p interactions play 
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important role in the formation of ion pair of cobalt(II) complexes. The complementary 
hydrogen bondings between the solvated or hydrated cobalt cation and anion have 
transformed IIB-1 and IIB-2 into multidimensional hydrogen-bonded network structure. 
By variation of reactant ratio and solvent, instead of discrete ion pair complex, an 
ion-pair 1D coordination polymer IIB-3 was obtained. The 1D coordination polymer 
strands associate to each other to furnish a 2D hydrogen-bonded network. Interestingly, a 
chair-like conformation hexameric water cluster consisting of four lattice water 
molecules and two aqua ligands was found within the cavity in the 2D grids. In addition, 
it is noteworthy that compounds IIB-2 and IIB-3 are pseudo-supramolecular isomers 
which differ in the nature of the solvent molecules.  
Figure 2-18 illustrates proposed self-assembly of Co(II) muia complexes from 
one-pot crystallization. The formation of the complexes is influenced by experimental 
conditions, particularly solvents and time. In summary, the isolation of structures of these 
ion-pair complexes appears to indicate the role played by the solvents in the condensation 
of simple ion-pair complexes to neutral 1D coordination polymers.   
 
 
Figure 2-18. Self-assembly of Co(II) muia complexes.  
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2-C. Experimental section 
2-C-1. Synthesis of complexes 
 
[Cu(Hmuia)(H2O)]×CH3OH×2H2O, IIA-1 
To H3muia (0.064 g, 0.2 mmol) in H2O (2 mL) containing KOH (0.022 g, 0.4 mmol), 
Cu(ClO4)2×6H2O (0.156 g, 0.4 mmol) in MeOH (2 mL) was added. Block-like blue 
crystals obtained next day were then dried in air. Yield: 0.05 g, (53 %). Anal. Calcd. for 
C16H23NO11Cu (468.90): C, 40.98; H, 4.94; N, 2.99; found: C, 40.62; H, 4.28; N, 3.12.  
 
[Ni(Hmuia)(H2O)2]×2H2O, IIA-2 
To H3muia (0.064 g, 0.2 mmol) in 0.1 M KOH (4 mL), Ni(CH3COO)2×4H2O (0.048 g, 0.2 
mmol) in MeOH (2 mL) was added and stirred for 15 min. Block-like green crystals were 
obtained from the filtrate by slow evaporation. Yield: 0.06 g, (67 %). Anal. Calcd. for 
C15H21NO11Ni (450.03): C, 40.03; H, 4.70; N, 3.11; found: C, 39.71; H, 4.81; N, 3.20.  
 
[Mn(H2O)6][Mn2(muia)2(H2O)2]×2CH3CN, IIA-3 
To H3muia (0.064 g, 0.2 mmol) in 0.1 M KOH (4 mL), Mn(CH3COO)2.4H2O (0.048 g, 
0.2 mmol) in MeOH (2 mL) was added and stirred for 15 min. Acetonitrile (15 mL) was 
layered on the resulting yellow clear solution. Block-like yellow crystals were obtained 
after one week. Yield: 0.012 g, (18%). Anal. Calcd. for desolvated compound 
C30H44N2O24Mn3 (981.49): C, 36.71; H, 4.52; N, 2.85; found: C, 36.52; H, 4.37; N, 2.82. 
  
[Mg(H2O)6][Mg2(muia)2(H2O)2]×2CH3CN, IIA-4 
To H3muia (0.064 g, 0.2 mmol) in 0.1 M KOH (4 mL), Mg(CH3COO)2×4H2O (0.044 g, 
0.2 mmol) in H2O (2 mL) was added and stirred for 15 min. Acetonitrile (15 mL) was 
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layered on the resulting colourless clear solution. Block-like colourless crystals were 
obtained after two weeks and then dried in air. Yield: 0.032 g, (51%). Anal. Calcd. for 
C34H46N4O22Mg3 (935.67); C, 43.65; H, 4.96; N, 5.99; found: C, 43.23; H, 5.68; N, 5.79. 
1H NMR (D2O): d 7.53 (d, 1H, Ar-H), 6.67 (d, 1H, Ar-H), 5.97 (s, 1H, Ar-H), 3.90 (s, 2H, 
-CH2NH), 3.26 (q, 4H, -NCH2), 2.39 (s, 3H, Ar-CH3), 2.06 (s, 3H, CH3CN). 
13C NMR 
(D2O): d 178.74 (-COOH), 172.11, 165.74, 158.09, 153.54, 126.05, 117.81, 110.30, 
108.93, 105.41 (Ar), 59.92 (-CH2COOH), 49.22 (-CH2N), 18.04 (Ar-CH3).  
 
[Mn(H2O)4.5(CH3OH)1.5]2[{Mn2(muia)2}{Mn2(muia)2(H2O)2}]×5H2O, IIA-5 
To H3muia (0.064 g, 0.2 mmol) in 0.1 M KOH (4 mL), Mn(CH3COO)2.4H2O (0.096 g, 
0.4 mmol) in MeOH (2 mL) was added and stirred for 15 min. Block-like yellow crystals 
were obtained next day. Yield: 0.048 g, (72%). Anal. Calcd. for C60H80N4O44Mn6 
(1890.92): C, 38.11; H, 4.26; N, 2.96; found: C, 37.62; H, 4.62; N, 2.86.  
 
[Zn(H2O)5][Zn2(muia)2(H2O)2], IIA-6 
To H3muia (0.064 g, 0.2 mmol) in 0.1 M KOH (4 mL), Zn(CH3COO)2.4H2O (0.088 g, 
0.4 mmol) in MeOH (2 mL) was added and stirred for 15 min. The solution mixture was 
left for slow evaporation. Block-like colorless crystals were obtained after one week and 
then dried in air. Yield: 0.045 g, (70%). Anal. Calcd. for C30H38N2O21Zn3 (958.8): C, 
37.58; H, 3.99; N, 2.92; found: C, 37.97; H, 4.40; N, 3.08. 1H NMR (D2O, ppm): d 7.58 
(d, 1H, Ar-H), 6.74 (d, 1H, Ar-H), 6.03 (s, 1H, Ar-H), 3.98 (s, 2H, -CH2NH), 3.33 (q, 4H, 
-NCH2), 2.40 (s, 3H, Ar-CH3), 2.08 (s, 3H, CH3CN).  
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[Ca(H2O)6][Ca2(muia)2(H2O)2]×2H2O, IIA-7 
To H3muia (0.064 g, 0.2 mmol) in in 0.1 M KOH (4 mL), Ca(NO3)2×4H2O (0.156 g, 0.2 
mmol) in MeOH (2 mL) was added. Yellowish powder is obtained after one week. Yield: 
0.036 g, (57%). Anal. Calcd. for Ca3C30H44N2O24 (936.91): C, 38.46; H, 4.73; N, 2.99; 
found: C, 38.36; H, 4.31; N, 3.13. 1H NMR was not recorded due to the poor solubility. 
 
[Al2(muia)2(H2O)2]CH3CN×4H2O, IIA-8 
To H3muia (0.064 g, 0.2 mmol) in in 0.1 M KOH (4 mL), Al(NO3)3×9H2O (0.074 g, 0.2 
mmol) in MeOH (2 mL) was added. Acetonitrile (15 mL) was layered on the resulting 
colourless clear solution. Colourless platy crystal formed after one month. Yield: 0.032 g, 
(57%). Anal. Calcd. for Al2C32H39N3O20 (839.63): C, 45.78; H, 4.68; N, 5.00; found: C, 
45.61; H, 4.29; N, 5.10. 1H NMR (d6-DMSO, ppm): d 7.45 (d, 1H, Ar-H), 6.56 (d, 1H, 
Ar-H), 5.98 (s, 1H, Ar-H), 4.05 (s, 2H, -CH2NH), -NCH2 (not detected due to 
overlapping with water), 2.33 (s, 3H, Ar-CH3).  
 
[Co(H2O)4(CH3CN)2][Co(muia)(H2O)2]2, IIB-1 
To H3muia (0.064 g, 0.2 mmol) in 0.1 M KOH (4 mL), Co(CH3COO)2.4H2O (0.05 g, 0.2 
mmol) in MeOH (2 mL) was added and stirred for 15 min. Acetonitrile (15 mL) was 
layered on the resulting orange clear solution. Rod-like orange crystals were obtained 
after 1 week. Alternatively, single crystals of IIB-1 can be obtained as single product 
when acetonitrile was layered as buffer layer between the solution of H3muia and 
Co(CH3COO)2.4H2O. Yield: 0.025 g, (69%). Anal. Calcd. for dehydrated compound 
C32H43N3O22Co3 (998.50); C, 38.49; H, 4.34; N, 4.21; found: C, 38.47; H, 4.37; N, 4.95.  
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[Co(H2O)6][Co2(muia)2(H2O)2]×2CH3CN, IIB-2 
When the above solution was left after two weeks, cubic red crystals of IIB-2 were 
obtained. Yield: 0.008 g, (4%). Anal. Calcd. for C34H46N4O22Co3 (1039.55); C, 39.28; H, 
4.46; N, 4.93; found: C, 38.49; H, 4.34; N, 4.21.  
 
[{Co(H2O)4}{Co2(muia)2(H2O)2}]×11H2O, IIB-3 
Co(CH3COO)2.4H2O (0.1 g, 0.4 mmol) in EtOH (2 mL) was layered on the solution of 
H3muia (0.064 g, 0.2 mmol) in 0.1 M KOH (4 mL). Block-like orange crystals were 
obtained after 5 days. Yield: 0.064 g, (17%). Anal. Calcd. For C30H40N2O22Co3 (957.45); 
C, 37.63; H, 4.21; N, 2.93; found: C, 37.57; H, 4.17; N, 2.90.  
 
2-C-2. X-ray crystallography 
Details of crystal data and refinement parameters are displayed in Appendix Table 
A1. All the C-H hydrogen atoms were placed in their appropriate calculated positions 
using riding models. All the hydrogen atoms of the water molecules were located. Their 
positional parameters were refined using SADI and or DFIX options in SHELXTL along 
with either individual or common thermal parameters. Eleven lattice water molecules in 
IIB-3 (O13 to O22) were found to be disordered. Common thermal parameters were 
refined for all the disordered O atoms. The disordered positions of the O13 water 
molecule were resolved with occupancy of 0.5 each, whereas the occupancies of other O 
atoms of the lattice water molecules vary from 0.2 to 0.5. No hydrogen atom was added 








Complexes of N-(7-hydroxy-4-methyl-8-coumarinyl)-amino 






Preface to Chapter 3 
 
Considerable efforts have been devoted to study the rational design, properties, 
function and applications of crystalline materials while the discovery of gels has been 
largely serendipitous at the initial stage. Only in the past decade, extensive research work 
have been focused on the rational design and understanding of the gelation process. 
Similar to the crystalline solids, gel formation also involves weak intermolecular 
interactions such as hydrogen bonding, van der Waals and p-p stacking interactions. 
Development of coordination polymers from crystalline materials to soft materials such 
as gels would provide a new insight in studies and applications of functional materials.  
Herein, synthesis and characterization of a series of metal complexes of N-(7-
hydroxy-4-methyl-8-coumarinyl)-amino acids are described. The coordination chemistry 
of this ligand system with various divalent metal ions including Cu(II), Ni(II), Zn(II), 
Mg(II) and Ca(II) has been investigated. Interestingly, by varying the metal ions and 
solvents, highly crystalline and gel-phase materials have been obtained from this ligand 
system. In Part A, synthesis, structures, and properties of crystalline Cu(II), Ni(II), Zn(II), 
Mg(II) and Ca(II) complexes of this ligand system are presented. Several Cu(II), Ni(II) 
and Zn(II) complexes have been structurally characterized while other complexes with no 
suitable single crystals have been characterized by elemental analysis and TG data. 
Fascinatingly, Zn(II) complex of H2mugly and Mg(II) complex of H2muala exhibit 
hydrogelation in the absence of long chain hydrophobic groups. Hence, Part B and C are 
accounted to describe the gelation, morphology, photophysical and rheological properties 
of Zn(II) and Mg(II) gel-phase compounds.  








Metal Complexes of Coumarin Derivatized Amino Acid: 









Motivated by the results in Chapter 2, more studies have been devoted to metal 
complexes of amino acid-coumarin derivatives. Coumarin moiety is analogous to 2-
hydroxybenzyl in coordination mode, nevertheless some other aspects and advantages 
also arise from coumarin group as well. From the crystal engineering point of view, the 
presence of additional aromatic rings may promote p-p interactions in the solid state.7 
Furthermore, the pyranone oxygen atoms can involve in hydrogen bonding interactions in 
the solid-state structure. The C=C bonds in coumarin rings can be align to undergo [2+2] 
photodimerization.223 On the other hand, in the view of chemical nature, the extension in 
p conjugation may lead to remarkable absorption and fluorescence properties.75  
In this section, a series of crystalline divalent metal complexes of N-(7-hydroxy-
4-methyl-8-coumarinyl)-amino acid ligands are presented. The synthesis, structural, 
characterization and photophysical properties of Cu(II), Ni(II), Zn(II), Mg(II) and Ca(II) 
complexes are reported. Several Cu(II), Ni(II) and Zn(II) complexes have been 
structurally characterized and found to be coordination polymers and metal aggregates. 
Other complexes have been characterized by elemental and TG. Absorption and emission 
properties of the ligands, Zn(II), Mg(II) and Ca(II) complexes have been studied.    
 
3-A-2. Results and discussion 
3-A-2-1. Synthesis 
 
The N-(7-hydroxy-4-methyl-8-coumarinyl)-amino acid ligands have been 
synthesized by Mannich reaction of equimolar 4-methylumbelliferone and the 
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corresponding amino acid in the presence of formaldehyde.169 Three ligands have been 
obtained using glycine, L-alanine and L-serine respectively, yielding H2mugly (III-a), 
H2muala (III-b) and H3muser (III-c) (Figure 1-17). These ligands have been employed 
for complexation with various metal(II) ions including Cu(II), Ni(II), Zn(II), Mg(II) and 
Ca(II). A series of complexes of N-(7-hydroxy-4-methyl-8-coumarinyl)-amino acids were 
synthesized, i.e. [Cu2(mugly)2(H2O)2]×5H2O·0.5DMF  (IIIA-1), 
[Cu2(muala)2(H2O)2]×2H2O (IIIA-2), [Cu2(Hmuser)2(H2O)2]×5H2O (IIIA-3), 
[Ni7(mugly)6(OH)6Na6(H2O)6]·20H2O (IIIA-4),  [Ni7(muala)6(OH)6Na6(H2O)6]·18H2O 
(IIIA-5), [Ni7(Hmuser)6(OH)6Na6(H2O)6]·16H2O (IIIA-6), [{Ni4(mugly)4(H2O)2(m2-
CH3COO)2}{K2(H2O)4(EtOH)2}]·H2O·EtOH   (IIIA-7), [Ni5(muala)2(m2-CH3COO)4(m3-
OH)2(H2O)4]×2.75H2O×0.5DMF (IIIA-8), [Zn(mugly)(H2O)]·0.5H2O (IIIA-9), 
[Zn(muala)(H2O)]·0.5H2O (IIIA-10), [Zn(Hmuser)(H2O)]·0.5H2O (IIIA-11), 
[Mg(mugly)(H2O)2]·0.5H2O (IIIA-12), [Mg(muala)(H2O)(MeOH)0.5] (IIIA-13), 
[Mg(Hmuser)(H2O)2]·1.5H2O (IIIA-14), [Ca(mugly)(MeOH)]×0.5DMF (IIIA-15), 
[Ca(muala)(H2O)2]·0.5H2O (IIIA-16) and [Ca(Hmuser)(H2O)2] (IIIA-17). Among these 
complexes, IIIA-2, IIIA-4, IIIA-7, IIIA-8, IIIA-10 and IIIA-11 have been characterized 
by X-ray crystallography.  
 
3-A-2-2. Description of crystal structures 
3-A-2-2-1. H2mugly, III-a 
 
Ligand III-a crystallized in space group P21/c and is in zwitterionic form, in 
which the amine group is protonated and the acid group is deprotonated. A perspective 
Chapter 3 (Part A) 
 
 87
view of III-a is displayed in Figure 3-1. The coumarin ring constitutes a plane and the 
carboxylate group in the glycine moiety is situated out of plane with an angle of 111.30°. 
This has prevented the close packing of III-a in solid state. 
 
 
Figure 3-1. A perspective view of III-a. 
 
Ligand III-a forms two types of p-p interactions with the adjacent molecules in 
the solid state as shown in Figure 3-2. The first p-p  stacking occurs between the face-to-
face pyranone rings in reverse fashion. The centroid-to-centroid distance between two 
pyranone rings is 3.494 Å and the distance between C10 and C12 is 3.307 Å (A). Another 
type of p-p stacking was found between the displaced hydroxybenzyl rings. The distance 
between C1 and C2 is 3.381 Å (B). Interaction C can be described as C=O¼p parallel 
interaction224 with distance between carbonyl oxygen O1 and ring centroid of 3.282 Å, 
and dihedral angle between the planes defined by C2C=O and the aromatic system of 
7.37°. In other words, the carbonyl group is roughly parallel to the ring plane. Such a p-p 
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interaction between the carbonyl group and the phenyl ring has been found responsible 
for weakening of hydrogen bonding, thermal dehydration behavior and preventing 
formation of new Cu-O bonds in the crystal lattice of [Cu2(Sgly)2(H2O)]×H2O.46 Though 
the pyranone rings are close to each other in the solid state, the [2+2] photodimerization 
could not occur since the C=C bonds are not aligned parallel to each other.       
 
 
Figure 3-2. A portion of III-a showing the p-p interactions. Green atoms represent the 
centroid of phenyl ring. 
 
Extensive complementary O-H¼O and N-H¼O hydrogen bonding interactions 
have constructed III-a into a 3D hydrogen-bonded polymer. As displayed in Figure 3-3a, 
hydrogen atoms of amine are hydrogen bonded to the lattice water molecule, carboxylate 
O and phenoxo O. Hydrogen bonds are also formed between hydrogen atom of phenoxo 
group with both carbonyl and carboxylate O atoms. Furthermore, pyranone carbonyl O 
are hydrogen bonded to the lattice water molecules. Interestingly, the packing of III-a 
viewed down from c-axis exhibit a porous channel (Figure 3-3b). The segregation of 
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hydrophilic interactions and hydrophobic interactions in the crystal packing is nicely 






Figure 3-3. (a) A portion of 3D hydrogen-bonded network of III-a; (b) Packing of III-a 
viewed down c-axis. 
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Table 3-1. Hydrogen bond lengths (Å) and angles (°) for III-a 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N1-H1A 0.95(4) 1.90(4) 2.831(4) 169(3) O2 1-x, 2-y, -z 
O1-H1O 0.83 2.57 3.022(3) 115 O2 1-x, -½+y, ½-z 
O1-H1O 0.83 1.77 2.586(3) 167 O3 1-x, -½+y, ½-z 
O1S-H1S 0.89(3) 1.93(4) 2.800(4) 168(4) O2 1-x, -½+y, ½-z 
N1-H1B 0.96(5) 2.47(4) 3.021(4) 116(3) O1  
N1-H1B 0.96(5) 2.06(4) 2.935(5) 151(3) O1S  
O1S-H2S 0.90(4) 2.49(5) 3.321(7) 154(5) O5 1-x, -½+y, ½-z 
      Note: e.s.d. for calculated hydrogen atom positions are not given. 
 
3-A-2-2-2. H2muala, III-b 
 
Ligand III-b was crystallized in the chiral space group P1 due to the L-alanine 
side arm. A perspective view of III-b is displayed in Figure 3-4. Similar to III-a, III-b 
also exist in zwitterionic form, which is common for amino acid compounds. Ligand III-
b is packed in the solid state to give a hydrogen-bonded 2D sheet in the ab-plane as 
shown in Figure 3-5. The N-H¼O hydrogen bonds are present between amine and 
carboxylate O4 along a-direction. In addition, phenols O are hydrogen bonded to another 
hydrogen atoms of amine and carbonyl O5 along to b-direction as shown in Figure 3-5. 
Hydrogen bond parameters of III-b are tabulated in Table 3-2.  
 




Figure 3-4. A perspective view of III-b. 
 
 
Figure 3-5. Hydrogen bonded 2D sheet structure of III-b in ab-plane. 
 
Closer examination of crystal structure of III-b reveal the C=C bond of pyrone 
rings are well aligned parallel to each other. However, the distance of C=C bond of two 
pyrone rings is about 5.85 Å, which is too far for [2+2] photodimerization of C=C bond 
according to Schimidt criteria.223 Though there are successful examples for the solid state 
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[2+2] photodimerization of compounds which far C=C distance,225 attempts to 
photodimerize III-b by irradiation under UV light for 60 hours were failed as indicated 
by the 1H NMR spectra.  
 
Table 3-2. Hydrogen bond lengths (Å) and angles (°) for III-b 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N1-H1A 0.91 1.84 2.744(3) 171 O4 x, 1+y, z 
N1-H1B 0.91 2.09 2.860(2) 142 O3 -1+x, -1+y, z 
N1-H1B 0.91 2.43 2.733(3) 100 O5  
O3-H3 0.83 1.79 2.615(3) 175 O5 1+x, 1+y, z 
 
3-A-2-2-3. [Cu2(muala)2(H2O)2]·2H2O, IIIA-2 
 
A ball-and-stick diagram of IIIA-2 is shown in Figure 3-6. There are two Cu(II) 
centers with square pyramidal and octahedral geometry. The Cu1 can be described as 
square pyramidal geometry (t = 0.04)182 with phenoxo O (Cu1-O1, 1.938(5) Å), amine N 
(Cu1-N1, 1.979(5) Å), carboxylate O (Cu1-O2, 1.918(4) Å) and bridging phenoxo O 
(Cu1-O6, 1.981(5) Å)  comprised the basal plane and aqua ligand (Cu1-O1S, 2.436(6) Å) 
is in apical position. Another Cu2 is having octahedral geometry in which the equatorial 
plane is comprised of phenoxo O (Cu2-O6, 1.952(5) Å), amine N (Cu2-N2, 1.979(6) Å), 
carboxylate O (Cu2-O7, 1.936(5) Å) and bridging phenoxo O (Cu2-O1, 1.954(5) Å) 
while axial positions is occupied by aqua ligand (Cu2-O4S, 2.763(8) Å) and 
neighbouring carbonyl O (Cu2-O3a, 2.488(6) Å). The aqua ligands have anti geometry 
with respect to Cu2O2 plane. 




Figure 3-6. A perspective view of IIIA-2. All C-H hydrogen atoms and solvent 
molecules are omitted for clarity.  
  
The dimeric structure of IIIA-2 is similar to the reported Cu(II) and Zn(II) 
complexes of N-(2-hydroxybenzyl)-amino acid in which the phenoxo O bridged two 
metal centers to form M2O2 rings.
41,42 Nonetheless, unlike these complexes in which 
M2O2 rings serve as inversion center, IIIA-2 is not symmetrical. This is attributed to the 
coordination from neighbouring carbonyl O to Cu1A. More interestingly, the complex 
crystallized as helical polymer using dimeric repeat unit as the building block along a-
axis as shown in Figure 3-7a. The polymeric strands are further sustained by hydrogen 
bonding between aqua ligand and carbonyl O (O1S-H1S¼O8) and amine hydrogen and 
carboxylate (N2-H2¼O7) as displayed in Figure 3-7b. Figure 3-7c illustrates the 
schematic diagram of 1D coordination polymer with intramolecular hydrogen bonding 
interactions. The coordination polymeric chains are further linked via hydrogen bonding 
interactions of aqua ligand and carboxylate groups as shown in Figure 3-7d. Table 3-3 
lists the selected hydrogen bonding parameters. 
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                      (a)                                             (b)                                             (c) 
 
      
(d) 
 
Figure 3-7. (a) Helical polymeric chain of  IIIA-2; (b) A portion of 1D coordination 
polymeric chain in IIIA-2; (c) Schematic representation of 1D coordination polymer of 
IIIA-2; (d) Packing diagram of IIIA-2 showing 2D hydrogen bonding interactions 
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Table 3-3. Hydrogen bond lengths (Å) and angles (°) for IIIA-2 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N1-H1 0.92 2.00 2.900(8) 167 O2S  
O1S-H1S 0.82(3) 1.97(4) 2.776(6) 167(5) O8 ½+x, 3/2-y, 1-z 
N2-H2 0.92 2.14 3.028(8) 162 O7 ½+x, 3/2-y, 1-z 
O1S-H1SA 0.84(6) 2.06(7) 2.882(7) 166(6) O3 ½+x, ½-y, 1-z 
O2S-H2S 0.82(5) 2.05(5) 2.781(7) 148(7) O10 3/2-x, 1-y, -½+z 
O2S-H2SA 0.83(6) 2.02(6) 2.796(7) 154(5) O1S  
O3S-H3S 0.85(9) 2.04(6) 2.790(10) 148(12) O5  
O3S-H3SA 0.86(11) 2.15(9) 2.798(12) 133(9) O4S 1-x, ½+y, ½-z 
O4S-H4S 0.82(3) 1.99(5) 2.806(7) 173(12) O3 -½+x, ½-y, 1-z 
 
3-A-2-2-4. [Ni7(mugly)6(OH)6Na6(H2O)6]·20H2O, IIIA-4  
 
A perspective view of IIIA-4 is displayed in Figure 3-8. The Ni atoms are 
arranged in a highly symmetrical hexagonal fashion, with six Ni atoms reside at the edges 
and the seventh Ni atom at the center. The Ni1 centers have distorted octahedral 
geometry in which amine N (Ni1-N1, 2.086(6) Å), carboxylate O (Ni1-O2, 2.089(6) Å) 
and two m3-hydroxides (Ni1-O6, 2.031(5) Å and Ni1-O6a, 2.051(5) Å) comprised the 
equatorial plane and two phenoxo O (Ni1-O1, 2.130(5) Å and Ni1-O1a, 2.088(5) Å) 
occupied the axial positions. Each phenoxo O atom bridges two Ni1 atoms and have 
resulted a hexanuclear Ni6O6 macrocycle ring. Six OH groups bridge the six peripheral 
Ni1 atoms and further bonded to the central Ni2 (Ni2-O6, 2.074(5) Å) to have m3-
bonding.  




Figure 3-8. A perspective view of metallocrown ring of IIIA-4.  
 
Homoheptanickel(II) complexes are relatively few in literature.226-239 To date, 
only one example by Gatteschi et al. that reported a distorted hexagon with the seventh 
Ni atom in the center. The six Ni(II) were deviated from planarity ranging from -0.026 to 
0.999 Å, and the Ni7 was found 1.842 Å away from the plane.229 Herein, seven Ni(II) 
atoms of IIIA-4 are coplanar with RMS deviation of 0.0855 Å. Hence, IIIA-4 is the first 
example of homoheptanickel cluster in a highly symmetrical hexagonal shape. Though 
there are some reports on hexagonal heterometallocrown rings, such highly symmetrical 
hexagonal are scarce.240-244 
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The IIIA-4 metallocrown ring has a crystallographic threefold rotational 
symmetry. In the cluster, the Ni-Ni distance from edge to edge is 3.126 Å and from the 
edge to center is 3.121 Å. A closer examination at the Ni7O12 cluster has revealed 
different types of Ni-O interactions as shown in Figure 3-9. The distances between the 
Ni1 and phenoxo O are 2.130 Å (A) and 2.088 Å (B) and distances between Ni1 and m3-
OH are 2.051 Å (C) and 2.031 Å (D). Interestingly, the Ni2 atom in the center displays 
an ideal octahedral geometry with distance of 2.074 Å (E) between Ni2 and m3-OH.  
 
 
                                      (a)                                                              (b) 
Figure 3-9. (a) Heptanickel cluster structure of IIIA-4; (b) Simplified diagram of Ni7O12 
cluster showing five types of Ni-O interactions. 
 
Although the connectivity in the [Ni7(mugly)6(OH)6]
4- cation is confirmed beyond 
any doubt, the positions of the Na(I) and O atoms of the water molecules could not be 
resolved  unambiguously. This is attributed to disordered cations and solvents combined 
with the location of these atoms near crystallographic special positions. Furthermore, the 
amount of lattice water molecules in IIIA-4 could not be determined by TG with 
certainty since the crystal loses the solvent molecules in air. These problems hindered 
detailed discussion on supramolecular interactions. In order to resolve this problem, 
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IIIA-6 and IIIA-7 were synthesized and attempted to grow single crystals. However, the 





Complex IIIA-7 was obtained from the filtrate of solvothermal reaction of 
Ni(CH3COO)2×4H2O and III-a in the presence of KOH. The X-ray crystal structure of 
IIIA-7 reveals a heterometallocyclic ring comprises of four Ni(II) atoms, four III-a 
ligands and two solvated K cations. A ball-and-stick diagram of IIIA-7 is shown in 
Figure 3-10a. Ni1 centers have distorted octahedral geometry with amine N (Ni1-N1, 
2.078(2) Å), carboxylate O (Ni1-O2, 2.049(2) Å), bridging acetate O (Ni1-O11, 2.066(2) 
Å) and phenoxo O (Ni1-O6, 2.021(2) Å) comprised the equatorial plane while phenoxo O 
(Ni1-O1, 2.055(2) Å) and aqua ligand (Ni1-O1W, 2.083(2) Å) occupy axial positions. 
The Ni2 centers are also in octahedral geometry with different coordination sites. The 
equatorial plane is constituted by two phenoxo O (Ni2-O1, 2.031(2) Å and Ni2-O6, 
2.039(2) Å), amine N (Ni2-N2, 2.067(2) Å) and aqua ligand (Ni2-O13, 2.051(2) Å) while 
axial positions are occupied by carboxylate O (Ni2-O7, 2.073(2) Å) and bridging acetate 
O (Ni2-O12, 2.088(2) Å). On the other hand, the potassium cations are in distorted 
pentagonal bipyramidal geometry with four aqua ligands (K1-O1W, 2.837(2) Å; K1-
O2W, 2.673(2) Å; K1-O3W, 2.927(4) Å and K1-O4W, 2.778(3) Å) and O of acetate 
anion (K1-O11, 2.908(2) Å) occupies the equatorial positions and carbonyl O of 
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coumarin ring (K1-O10a, 3.256(2) Å) and O of ethanol molecule (K1-O1S, 2.861(3) Å) 





Figure 3-10. (a) A ball-and-stick diagram of IIIA-7. All C-H hydrogen atoms and 
solvent molecules are omitted for clarity. The atoms with the extension ‘A’ are related by 
the symmetry –x+1, -y, -z+1; (b) Schematic representation of heterobimetallic cage of 
IIIA-7 showing the dimensions. Green atoms represent the center of Ni2O2 ring; yellow 
atoms represent the potassium cations; grey bonds represent coumarin rings; red bonds 
represent metal-oxygen bond.  
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In this context, the deprotonated phenoxo O bridges two Ni(II) ions with distance 
of 3.05 Å to form a Ni2O2 ring. The dihedral angle between the two coumarin rings in the 
dimer is 83.4°, which is roughly right angle to each other. More interestingly, the 
carbonyl O atoms in the pyranone rings is coordinated to the K(I) ions. This is very rare 
example that carbonyl O in pyranone ring involved in coordination to metal center.86, 99, 
104 It is worthwhile to note that this is the first example of coordination of carbonyl O in 
pyranone ring to main group metal. The coordination of both phenoxo O and carbonyl O 
has transformed the mugly ligand into a rigid spacer ligand. On the other hand, one of the 
aqua ligands of Ni1 and O of the bridging acetate are also coordinated to K(I) center. 
Interactions of the bridging carbonyl O atoms of the spacer ligand have transformed the 
dimeric Ni units and solvated K entities into a heterobimetallic metallocycle. Figure 3-
10b shows a schematic diagram of the metallocage of IIIA-7. This metallocycle ring has 
rectangular shape with distances between the centers of Ni2O2 rings and potassium atoms 
are 4.93 Å and 10.96 Å. The diagonal distance between the two centers of Ni2O2 rings is 
11.12 Å. To date, there are only two heterobimetallic cages comprised of Ni and K have 
been reported.245, 246 
Potassium cations can act as a “template” to direct the coumarin rings to align 
parallel to each other. Here, two of the coumarin rings are arranged face-to-face with 
displacement angle 26° and distance 1.76 Å. It is noticeable that the coumarin rings are 
aligned parallel with rather weak p-p interactions. The distance between the centroids is 
3.907 Å. Such distance may be not considered as signifiant p-p interactions but it is close 
enough for [2+2] photodimerization for coumarin moiety.223 However, it should note that 
the coumarin rings are placed in a reverse fashion thus prevent such cycloaddition.  
Chapter 3 (Part A) 
 
 101
Table 3-4. Hydrogen bond lengths (Å) and angles (°) for IIIA-7 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O1W-H1WB 0.85(2) 1.88(2) 2.727(3) 172(4) O8 x, ½-y, -½+z 
N1-H1N 0.87(3) 2.31(3) 3.083(3) 147(2) O2W  
O1S-H1S 0.83(5) 1.91(4) 2.695(3) 158(5) O3 x, ½-y, -½+z 
O1W-H1WA 0.82(3) 1.98(4) 2.754(3) 159(5) O1O 1-x, -y, 1-z 
N2-H2N 0.85(3) 2.54(3) 2.540(3) 140(2) O5W x, -1+y, z 
O2S-H2S 0.83 1.86 2.682(3) 173 O3  
O2W-H2WB 0.86(2) 1.93(2) 2.785(3) 174(2) O2 x, ½-y, -½+z 
O3S-H3S 0.83 2.48 3.181(3) 143 O9 x, 1+y, z 
O3S-H3S 0.83 2.29 3.078(4) 159 O10 x, 1+y, z 
O2W-H2WA 0.85(3) 2.04(3) 2.826(3) 153(4) O7 x, ½-y, -½+z 
O3W-H3WA 0.86(3) 2.19(3) 3.002(5) 157(4) O5W x, ½-y, -½+z 
O3W-H3WB 0.86(3) 2.31(3) 3.146(4) 164(4) O8 x, y, -1+z 
O4W-H4WA 0.85(3) 1.98(3) 2.776(4) 155(4) O5W  x, ½-y, -½+z 
O4W-H4WB 0.88(3) 1.95(3) 2.812(4) 166(4) O3S x, ½-y, -½+z 
O5W-H5WA 0.85(4) 1.94(4) 2.759(4) 161(4) O1S x, ½-y, ½+z 
O5W-H5WB 0.87(4) 1.95(4) 2.775(3) 159(4) O12 -x, -½+y, ½-z 
O13-H131 0.85(3) 1.80(4) 2.655(4) 177(6) O2S x, ½-y, ½+z 
O13-H132 0.85(4) 1.96(4) 2.759(3) 156(4) O5 -x, -½+y, ½-z 
 
3-A-2-2-6. [Ni5(muala)2(m2-CH3COO)4(OH)2(H2O)4]×2.75H2O×0.5DMF, IIIA-8 
 
A perspective view of IIIA-8 is shown in Figure 3-11. The molecular structure of 
IIIA-8 consists of five Ni(II) atoms in a closed, cage-like arrangement. All Ni(II) atoms 
are distorted octahedral and held together through III-b, acetate and hydroxide ligands. 
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The Ni1 center contains amine N (Ni1-N1, 2.057(4) Å), phenoxo O (Ni1-O1, 2.039(3) Å), 
carboxylate O (Ni1-O2, 2.025(3) Å), m3-hydroxide O (Ni1-O10, 2.027(3) Å) and two m2-
acetate O (Ni1-O6, 2.102(3) Å and Ni1-O8, 2.016(3) Å). Whereas, the coordination 
geometry around Ni3 center is comprised of phenoxo O (Ni3-O1, 2.047(3) Å), 
carboxylate O (Ni3-O3, 2.081(3) Å), m2-acetate O (Ni3-O9, 2.096(3) Å), m3-hydroxide O 
(Ni3-O10, 2.036(3) Å) and two aqua ligands (Ni3-O11, 2.045(3) Å and Ni3-O12, 2.057(3) 
Å). The Ni2 resides on the 2-fold rotational axis. The Ni2 atom completes the octahedral 
geometry by coordinating through carboxylate O (Ni2-O2a, 2.045(3) Å), m2-acetate O 
(Ni2-O7a, 2.053(3) Å) and m3-hydroxide O (Ni2-O10a, 2.024(3) Å).  
 
 
Figure 3-11. A perspective view of IIIA-8 showing a pentanickel cluster. The atoms 
with the extension ‘A’ are related by the symmetry –x+2, y, -z+½. 
 
In this connection, the hydroxide originated from the base and phenoxo O of 
ligands bridges the Ni(II) center to form ions Ni2O2 ring. It may be noted that the 
Chapter 3 (Part A) 
 
 103
hydroxide O bridges the Ni(II) centers in a m3-manner. Furthermore, the carboxylate 
donor groups in III-b are coordinated in a m3-fashion. Such carboxylate coordination 
mode is rare in metal complexes of N-(2-hydroxylbenzyl)-amino acids ligand.20 The 
presence of acetate anions has facilitated bridging of Ni ions and formed a rigid and 
stable metal cluster.  
The phenolate, carboxylate, acetate and hydroxide ligands have self-assembled 
with Ni(II) atoms into a novel and interesting pentanickel cage. Discrete 
homopentanuclear Ni(II) cluster239, 247-254 and linear chain255-260 are relatively few. More 
interestingly, all the Ni(II) and bridging O atoms are positioned in one side of the 
molecule to form in-depth cage with dimension of 5.3 Å width and 9.1 Å depth while two 
muala ligands directed outward from the cage as shown in Figure 3-12. This structure 
resembles “basket”, in which the Ni5 cluster acts as the base of the basket and III-b 
ligands function as handle. Hence, IIIA-8 can be described as molecular basket.  
 
   
                             (a)                                                                       (b) 
Figure 3-12. (a) Molecular structure of IIIA-8 showing (a) in-depth cavity; (b) molecular 
basket shape. 
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Table 3-5. Hydrogen bond lengths (Å) and angles (°) for IIIA-8 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N1-H1N 0.89(3) 2.53(5) 3.173(5) 129(3) O12 -½+x, 3/2-y, -z 
O1W-H1WA 0.85(3) 1.90(3) 2.723(5) 165(5) O5  
O1W-H1WB 0.85(4) 1.94(4) 2.745(4) 158(7) O7 3/2-x, ½+y, ½-z 
O10-H10 0.89(3) 2.21(3) 3.025(5) 152(4) O1W ½+x, - ½+y, z 
O11-H11A 0.82(3) 2.04(4) 2.724(11) 141(3) O3W 1+x, y, z 
O11-H11B 0.84(3) 2.11(4) 2.826(4) 144(3) O6 ½+x, 3/2-y, -z 
O12-H12A 0.81(3) 1.97(3) 2.700(5) 150(3) O1W ½+x, - ½+y, z 
O12-H12B 0.82(2) 2.02(2) 2.659(4) 135(4) O8 ½+x, 3/2-y, -z 
 
3-A-2-2-7. [Zn(muala)(H2O)]×0.5H2O, IIIA-10  
 
The perspective view of IIIIA-10 is shown in Figure 3-13a. Zn(II) center has 
square pyramidal geometry (t = 0.59).182 The basal plane is occupied by phenoxo O 
(Zn1-O1, 1.976(2) Å), amine N (Zn1-N1, 2.147(2) Å), carboxylate O (Zn1-O2, 2.064(2) 
Å) and aqua ligand (Zn1-O6, 2.039(2) Å). The apical site position is occupied by the 
carbonyl O (Zn1-O3, 2.002(2) Å) from the neighboring unit and thus formed 1D 
coordination polymer (Figure 3-13b).  
The 1D zigzag coordination polymers are arranged in a criss-crossed fashion in a-
axis and b-axis in such a way to form stacking of coumarin rings shown in Figure 3-14a 
and 3-14b. The disk-like coumarin rings segregate forming hydrophobic packets assisted 
by various hydrogen bonding generated by H2O and N-H donor groups and O1, O2 and 
O5 hydrogen acceptors. Table 3-6 summarizes the relevant hydrogen bond parameters.  
 







Figure 3-13. (a) A perspective view of IIIA-10. The atoms with the extension ‘A’ are 
related by the symmetry x-y+1, -y+1, -z+⅓; (b) A portion of the 1D coordination 
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                                (a)                                                                 (b) 
Figure 3-14. (a) Packing of IIIA-10 viewed from the c-axis; (b) Packing of IIIA-10 
viewed down the b-axis. All the hydrogen atoms are omitted for clarity. 
 
Table 3-6. Hydrogen bond lengths (Å) and angles (°) for IIIA-10 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N1-H1 0.92 2.23 3.044(5) 148 O5 y, x, -z 
O6-H6A 0.75(5) 2.01(5) 2.756(4) 175(8) O5 -x+y, 1-x, ⅓+z 
O6-H6B 0.70(4) 1.92(4) 2.622(4) 175(5) O1 1+x-y, 2-y, ⅓-z 
O7-H7 0.90(2) 1.95(2) 2.839(6) 176(2) O5  
 
Attempts to grow suitable single crystal of IIIA-9 were not successful. The 
isolation of IIIA-10 has shed some light on the structural characterization of IIIA-9. The 
only difference between IIIA-9 and IIIA-10 is methyl substituent on the amino acid side 
chain. Thus, it is expected that these two complexes should be isostructural. However, 
XRPD patterns revealed that these two complexes are not ([i] and [iv] in Figure 3-15). 
Previously reported two Cu(II) complexes of two N-(2-hydroxybenzyl)-amino acid 
ligands namely, [Cu2(sgly)2(H2O)]·H2O
46 and [Cu2(sala)]2(H2O)n]
43 have been found to 
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have different XRPD patterns even though they have similar cell data and packing 
patterns with the same space group. Based on these observations, it may be concluded 
that IIIA-9 and IIIA-10 may have similar packing. Despite having similar hydrogen 
bonding patterns in the solid state structures, the two Cu(II) coordination polymers 
mentioned before exhibit distinct thermal dehydration properties due to the presence of 
C=O···p interactions. Hence it is not surprising that III-a forms gel readily while III-b 
does not. Nonetheless, the simulated XRPD patterns of IIIA-10 ([i] in Figure 3-15) can 
be matched with the corresponding vacuum and freeze dried samples [ii] and [iii] in 
Figure 3-15), an outcome which tends to support a close relationship between the 
structure of the hydrogel and the solid state structures. 
 
 
Figure 3-15. X-ray powder pattern of the [i] simulated XRPD; [ii] dried powder; [iii] 
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3-A-2-2-8. [Zn(Hmuser)(H2O)]×0.5H2O, IIIA-11 
 
 Though IIIA-11 contains extra hydroxyl group in the amino acid side chain, the 
solid state structure is isostructural to IIIA-10. The asymmetric unit of IIIA-11 consists a 
Zn(II) center with distorted square pyramidal geometry (t = 0.62)182 as shown in Figure 
3-16. Coordination of zinc center with phenoxo O (Zn1-O1, 1.961(2) Å), amine N (Zn1-
N1, 2.157(3) Å), carboxylate O (Zn1-O2, 2.059(2) Å) and aqua ligand (Zn1-O7, 2.059(2) 
Å) completes the basal plane of the square pyramidal. The axial position of square 
pyramid is occupied by the neighbouring carbonyl O (Zn1-O3, 2.004(2) Å).  
 
 
Figure 3-16. Perspective view of the repeating unit in IIIA-11. The atoms with the 
extension ‘A’ are related by the symmetry x-y+1, -y+1, -z+⅓. 
 
 As IIIA-11 is isostructural to IIIA-10, the coordination polymeric structure and 
hydrogen bonding interactions are also similar to each other. The carbonyl O atoms of the 
neighbouring molecules have generated 1D zigzag coordination polymeric structure 
along c-axis. The hydrogen-bonded 3D network in IIIA-11 is shown in Figure 3-17. The 
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hydroxyl group in the amino acid side chain remains protonated and does not coordinate 
to the neighbouring metal center to generate coordination polymer as expected. 
Nevertheless, hydroxyl O4 is involved in hydrogen bonding with carboxylate O (O4-
H4¼O2). Hydrogen bond parameters of IIIA-11 are given in Table 3-7. 
 
 
Figure 3-17. Packing of IIIA-11 viewed from b-axis. All C-H hydrogen atoms are 
omitted. 
 
Table 3-7. Hydrogen bond lengths (Å) and angles (°) for IIIA-11 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N1-H1N 0.80(4) 2.23(4) 3.080(5) 156(3) O6 y, x, -z 
O4-H4 0.83(5) 2.04 2.865(4) 172 O2 1+x-y, 1-y, ⅓-z 
O7-H71 0.76(4) 1.88(4) 2.629(4) 171(5) O1 1+x-y, 2-y, ⅓-z 
O7-H72 0.74(5) 2.03(5) 2.759(4) 176(10) O6 -x+y, 1-x, ⅓+z 
 
3-A-2-3. Infrared studies 
 
Selected IR bands for the complexes IIIA-1 – IIIA-17 are summarized in Table 
3-8. In all the complexes, the IR spectral displayed a broad absorption band in the range 
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of 3374-3453 cm-1 corresponding to the presence of water molecules, further supported 
by the weight loss observed in TG. The sharp bands observed ca. 3230 cm-1 can be 
assigned to the u(N-H). It may be noted that in several complexes (IIIA-1, IIIA-2, IIIA-
4, IIIA-5, IIIA-7, IIIA-9–IIIA-11), the N-H stretching bands were very prominent while 
in other complexes the N-H bands could not be observed due to overlapping with the 
water absorption band. The absorption bands for phenoxo C-O are observed in the range 
of 1385-1415 cm-1. The asymmetric [uasCOO-] and symmetric [usCOO-] bands of the 
carboxylate group respectively were observed in the region ca. 1688 and 1590 cm-1. The 
Du value of ca. 90 cm-1 observed in these complexes suggests that carboxylate groups are 
in bridging mode.187 Same findings have also been reflected in complexes that have been 
structurally characterized including IIIA-2, IIIA-4, IIIA-7, IIIA-8, IIIA-10 and IIIA-11.  
 
Table 3-8. Selected IR absorption bands (cm-1) in IIIA-1 to IIIA-17 
 
Complex u(OH) u(NH) uas(COO-) us(COO-) u(CO) 
phenoxo 
Du 
IIIA-1  3375 3259 1699 1602 1390 97 
IIIA-2 3428 3166 1686 1594 1393 92 
IIIA-3  3447 -- 1684 1588 1394 96 
 IIIA-4 3443 3311 1672 1581 1388 91 
 IIIA-5 3406 3235 1686 1583 1410 103 
IIIA-6 3429 -- 1668 1578 1394 90 
 IIIA-7 3409 3237 1688 1580 1393 108 
IIIA-8 3406 -- 1686 1585 1392 101 
IIIA-9 3393 3256 1695 1593 1390 102 
IIIA-10 3447 3265 1656 1580 1415 76 
IIIA-11 3430 3257 1655 1585 1396 70 
IIIA-12 3430 -- 1698 1584 1385 114 
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IIIA-13 3430 -- 1720 1583 1392 137 
IIIA-14 3402 -- 1703 1587 1396 116 
IIIA-15 3454 -- 1682 1580 1400 102 
IIIA-16 3380 -- 1680 1597 1400 83 
IIIA-17 3429 -- 1666 1585 1385 81 
 
3-A-2-4. UV-vis absorption studies  
 
It has been reported that the coumarin compounds usually show absorption 
bands at 274 and 311 nm (log e 4.03 and 3.72) attributed to the benzene and pyrone 
rings respectively. The introduction of a hydroxyl group into the coumarin molecule 
causes a bathochromic shift of the principal absorption band. The position of the new 
absorption band depends on the ability of the hydroxyl group to conjugate with the 
chromorphoric system. The UV-vis spectrum of 7-hydroxycoumarin (umbelliferone) 
shows strong absorption bands at ~217 and 315-330 nm (log e 4.2) with weak peaks 
or shoulders at 240 and 255 nm (log e 3.5). The UV-vis spectrum of 7-
hydroxycoumarin in alkaline solution shows marked bathochromic due to the electron-
delocalization of the phenoxo ion with the pyrone-carbonyl group. The longer 
wavelength shifts from 325 nm to 372 nm.74   
 UV-vis absorption properties of the ligands III-a to III-c have been investigated. 
Figure 3-18a shows the UV-vis spectra of III-a to III-c in H2O in the presence of two 
equivalents of LiOH. The ligands exhibit a typical p-p* absorption band around 350 
nm with log e = 4.22, 4.04 and 4.26 respectively. This is in the good agreement with 
the reported value.74, 75 To investigate the effect of pH on the absoprtion properties of 
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III-a to III-c, UV-vis spectra of the ligands were recorded in buffer solutions at 
various pH. As displayed in Figure 3-18 (b to d), ligands III-a to III-c exhibit a p-p* 
absorption band around 320 nm in acidic medium. In alkaline medium, the p-p* 
absorption band shifted to 350 nm. In neutral pH, III-a to III-c display two distinct 
peaks at 320 nm and 350 nm. This should be attributed to the partial protonation of 
the amino acid.  
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Figure 3-18. UV-vis absorption spectra of ligands III-a to III-c ([III-a] = 1.01 x 10-4 M, 
[III-b] = 1.04 x 10-4 M and [III-c] = 1.04 x 10-4 M) in (a) aqueous solution; (b-d) buffer 
solution at various pH.  
 
Introduction of metal(II) ions into the III-a to III-c shifts the absorption band to 
shorter wavelengths. The UV-vis absoprtion of III-a to III-c upon addition of one 
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equivalent Zn(II) in aqueous solution were investigated thoroughly as representative of 
other complexes for the following reasons. The complexation and binding of ligand to 
transition metals usually are stronger and more stable, whereas Mg(II) and Ca(II) 
complexes are more subjected to hydrolysis. Moreover, investigation on absorption 
properties of Zn(II) complexes can serve as basis for further emision studies. 
Figure 3-19 shows the UV-vis spectral traces of III-a to III-c upon addition of 
Zn(II) (i.e. IIIA-9 to IIIA-11) in aqueous and buffer solution in various pH. As shown in 
Figure 3-19 (a to c), upon addition of Zn(II), the absorption bands shift from 360 nm to 
350 nm. Figure 3-19 (d to f) display pH-dependent UV-vis absorption spectral traces of 
IIIA-9 to IIIA-11. It can be seen that the absorption bands of these complexes appear 
around 320 nm in acidic medium. Upon increasing pH, the bands shift to longer 
wavelength around 360 nm. This reflects that the Zn(II) ions are bound to the III-a to 
III-c in the alkaline medium. In the acidic solution, the ligands are protonated and 
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Figure 3-19. UV-vis absorption spectra of ligand III-a to III-c ([III-a] = 1.01 x 10-4 M, 
[III-b] = 1.04 x 10-4 M and [III-c] = 1.04 x 10-4 M) in the presence of one equivalent of 
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3-A-2-5. Fluorescence studies 
 
Most of the natural and synthetic coumarin derivatives are highly fluorescent and 
have high quantum yields (~0.5). The fluorescence is directly dependent on factors such 
as pH and solvent polarity. In addition, the fluorescence also dependent on substituents 
on the coumarin parent ring. In general, 7-alkoxycoumarins have a purple fluorescence 
whereas 7-hydroxycoumarins and 5,7-dioxygenated coumarins have blue fluorescence.74 
Coumarin derivatives have been used in wide fields of application such as fluorescent 
brightening agents, dye lasers, biological probes for enzymes and analytical reagents 
based on their unique fluorescence properties.72,74  
Fluorescence properties of ligand III-a to III-c in aqueous solution and solid state 
were investigated. Figure 3-20a shows the fluorescence spectral traces of III-a to III-c 
([III-a] = 1.01 x 10-4 M, [III-b] = 1.04 x 10-4 M and [III-c] = 1.04 x 10-4 M) in aqueous 
solution with excitation  l = 350 nm. The ligands exhibit blue emission around 445 nm. 
Figure 3-20b describes the solid-state fluorescence spectra of III-a to III-c upon 
excitation at l = 320 nm. Ligands III-a and III-b showed emission with maxima around 
400 nm while III-c exhibited emission ca. 420 nm. Such remarkable fluorescence 
properties in both solution and solid state are originated from the coumarin functional 
group.  
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Figure 3-20. Fluorescence spectra of ligands III-a to III-c in (a) solution; (b) solid-state. 
 
As the presence of Cu(II) and Ni(II) quenches the fluorescence properties of 
coumarin, only Zn(II), Mg(II) and Ca(II) complexes were subjected to the luminescence 
studies. Figure 3-21a displays a typical fluorescence spectra of III-a to III-c upon 
addition of one equivalent of Zn(II) to form IIIA-9 to IIIA-11. It was found that the 
complexes showed strong blue emission around 440 nm. Figure 3-21b shows a 
photograph of typical blue fluorescence of the ligand and complex under UV light. 
Fluorescence data for the ligands and complexes IIIA-9 to IIIA-17 in both solution and 
state are summarizes in Table 3-9.  
 
 
Figure 3-21. (a) Fluorescence spectra of III-a to III-c in the presence of one equivalent 
Zn(II) upon excitation at 350 nm; (b) Photograph of ligand and complex solution under 
UV light. 
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 Table 3-9. Solution and solid state fluorescence data of ligand III-a to III-c and 
complexes IIIA-9 to IIIA-17. 
 
Compound Aqueous solution Solid state 
Excitation l Emission lmax Excitation l Emission lmax 
III-a 360 444 320 392 
III-b 360 446 320 399 
III-c 360 445 320 423 
IIIA-9 350 440 350 445 
IIIA-10 350 441 350 446 
IIIA-11 350 439 350 441 
IIIA-12 360 443 360 460 
IIIA-13 360 444 360 453 
IIIA-14 360 443 360 454 
IIIA-15 360 444 360 458 
IIIA-16 360 445 360 455 
IIIA-17 360 443 360 448 
 
3-A-2-6. Thermogravimetric and ESI-MS studies 
 
Table 3-11 contains the details of TG data of IIIA-1 to IIIA-17. TG analysis of 
IIIA-1 and IIIA-2 displayed the weight loss of 20.2% (calculated 20.0%) and 8.7% 
(calculated 9.6%) for weight loss 4 water and 0.5 DMF molecules and 4 water molecules 
respectively. For IIIA-3, TGA analysis showed that only 10.6% (calculated 11.3%) 
weight loss for 5 water molecules, an indication that 2 lattice water molecules were lost 
when vacuum dried. The weight loss temperature range of these complexes reveals the 
occurrence of lattice water and aqua ligands. Complexes IIIA-4 and IIIA-5 showed the 
TG weight loss of 18.5% (calculated 18.9%) and 15.5% (calculated 15.6%) correspond to 
Chapter 3 (Part A) 
 
 118
twelve water molecules and five water and one ethanol molecules respectively. For IIIA-
6 and IIIA-7, weight loss of 17.6% (calculated 16.9%) and 5.8% (calculated 6.1%) agree 
well with weight loss of 26 water and one DMF molecules respectively. TG analysis of 
IIIA-8 shows weight loss of 11.5% (calculated 11.9%) for 18 water molecules, an 
indication of weight loss of some lattice water during vacuum dried.       
TG analysis of IIIA-9 showed the weight loss of 6.9% (calculated 7.6%) for the 
loss of 1.5 water molecules in the temperature range 33-173 °C. The dehydration 
temperature starts at such low temperature may be due to the presence of non-coordinated 
lattice water. TG weight loss of 4.9% (calculated 5.0%) agrees well with the loss of an 
aqua ligand in IIIA-10 in the temperature range of 120-192 °C. Similarly, weight loss of 
5.5% (calculated 4.8%) corresponding to an aqua ligand has been found to occur at 177-
214 °C in IIIA-11.   
TG weight loss of 11.0% (calculated 11.2%) agrees well with the loss of two 
water molecules in IIIA-12 in the temperature range of 33-190°C. TG analysis of IIIA-
13 showed the weight loss of 9.7% (calculated 10.2%) for the loss of one water 
molecules and 0.5 methanol molecules in the temperature range 26-195°C. Weight loss 
of 15.8% (calculated 16.7%) corresponding to 3.5 water molecules has been found to 
occur at 33-171°C in IIIA-14. Similarly, TG analysis of IIIA-15 to IIIA-17 showed 
weight loss of 18.3% (calculated 18.5%), 12.3% (calculated 12.5%) and 8.6% (calculated 
9.8%) for the loss of methanol and DMF, 2.5 and 2 water molecules respectively. Such 
large weight loss temperature range suggests the presence lattice solvent molecules and 
aqua ligands in complexes IIIA-12 to IIIA-17. The information is useful in the 
assumption of the chemical formula of these complexes.  
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Table 3-10. Thermo gravimetric data of IIIA-1 to IIIA-17 
 
Complex No. of solvent Dehydration 
temp. (°C) 
Wt. loss (%)a Decomp. temp. (°C) 
IIIA-1 4 H2O, 0.5 DMF 32-251 20.2 (20.0) 303 
IIIA-2 4 H2O 30-140 8.7 (9.6) 325 
IIIA-3 5 H2O 33-153 10.6 (11.3) 371 
IIIA-4 26 H2O 33-115 16.7 (17.4) 381 
IIIA-5 24 H2O 30-111 17.1 (16.5) 328 
IIIA-6 18 H2O 31-145 11.5 (11.9) 396 
IIIA-7 1 EtOH, 5 H2O 33-140 15.5 (15.6) 377 
IIIA-8 1 DMF 33-134 5.8 (6.1) 369 
IIIA-9 1.5 H2O 33-173 6.9 (7.6) 318 
IIIA-10 1 H2O 120-192 4.9 (5.0) 303 
IIIA-11 1 H2O 177-214 5.5 (4.8) 292 
IIIA-12 2 H2O 33-190 11.0 (11.2) 223 
IIIA-13 0.5 CH3OH, 1 H2O 26-195 9.7 (10.2) 308 
IIIA-14 3.5 H2O 33-171 15.8 (16.7) 218 
IIIA-15 CH3OH, 0.5 DMF 40-305 18.3 (18.5) 384 
IIIA-16 2.5 H2O 55-155 12.3 (12.5) 207 
IIIA-17 2 H2O 39-174 8.6 (9.8) 380 
[a]: calculated % weight loss is given in parenthesis. 
 
 The structural behavior of the complexes IIIA-1 to IIIA-17 in solution has been 
studied by ESI-MS. ESI mass spectra of these complexes were recorded in methanol. The 
predominant major peaks in ESI mass spectra of these complexes are summarized in 
Table 3-10. In general, these major peaks can be assigned to the species containing 
metal:ligand with solvent molecules.  
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Table 3-11. ESI-MS data of IIIA-1 to IIIA-17 
 
Complex Principal molecular species (m/z, % peak heighta) 
IIIA-1 [Cu(mugly)(H2O)5]
+ (412.7, 46); [Cu(mugly)(CH3OH)4]
+ (452.6, 60); 
[Cu(mugly)(CH3OH)5(H2O)6]
+ (592.5, 90); [Cu2(mugly)2(CH3OH)2(H2O)]
+ 
(732.4, 68); [Cu2(mugly)2(CH3OH)3(H2O)7]
+ (870.2, 58); 
[Cu3(mugly)3(CH3OH)3(H2O)4]
+ (1146.0, 44); 
IIIA-2 [Cu(muala)(H2O)2(CH3OH)4]
+ (489.4, 100); [Cu(muala)(H2O)3(CH3OH)4]
+ 
(504.8, 22); [Cu(muala)(H2O)4(CH3OH)5]
+ (557.1, 22); 
[Cu2(muala)3(H2O)(CH3OH)]
+ (955.3, 46) 
IIIA-3 [Cu(Hmuser)(H2O)2(CH3OH)]
+ (425.0, 100); [Cu2(Hmuser)2(H2O)2]
+ 
(746.8, 50);  [Cu2(Hmuser)2(H2O)2(CH3OH)]
+ (779.6, 48); 
[Cu3(Hmuser)3(H2O)2]
+ (1102.7, 12); 
IIIA-4 [Ni(mugly)(H2O)6]
+ (429, 100); [Ni(mugly)2(H2O)2(CH3OH)]
+ (650.1, 18); 
[Ni2(mugly)2(CH3OH)2]
- (701.1, 100); 
IIIA-5 [Ni(muala)(H2O)3]
+ (387.6, 100); [Ni(muala)(H2O)2(CH3OH)]
+ (402.03, 
64); [Ni(muala)(H2O)3(CH3OH)2]
+ (415.9, 34) 
IIIA-6 [Ni(Hmuser)(H2O)3]
- (407.9, 100); [Ni(Hmuser)(H2O)4(CH3OH)2]
- (490, 
44); [Ni(Hmuser)(H2O)4(CH3OH)5]




+ (352.0, 78); [Ni(mugly)(CH3OH)2]
+ (383.8, 100); 
[Ni(mugly)(CH3OH)(H2O)2]
+ (389.8, 80); [Ni(mugly)(CH3OH)3]
+ (417.9, 
46); [Ni2(mugly)2(CH3OH)]
+ (670.7, 60); [Ni2(mugly)2(CH3OH)]
+ (670.7, 
60); [Ni2(mugly)2(CH3OH)(H2O)2]
+ (774.9, 36); [Ni3(mugly)3(H2O)2]
+ 
(997.9, 32); [Ni3(mugly)3(CH3OH)(H2O)4]
+ (1095.8, 30) 
IIIA-8 [Ni(muala)(H2O)3]
- (387.0, 40); [Ni(muala)(H2O)6(CH3OH)]
- (474, 32); 
[Ni(muala)(CH3OH)7(H2O)3]
- (556.1, 30) 
IIIA-9 [Zn(mugly)(H2O)]
+ (341.1, 36); [Zn(mugly)(H2O)3]
+ (341.1, 24); 
IIIA-10 [Zn(muala)(H2O)3]
- (397.9, 100); [Zn(muala)(H2O)5(CH3OH)]
- (397.9, 10); 
[Zn(muala)(CH3OH)2]
- (741.1, 14) 
IIIA-11 [Zn(Hmuser)(H2O)3]
- (413.9, 100); [Zn(Hmuser)(H2O)5(CH3OH)3]
- (546.0, 





- (577.9, 36), [Mg(mugly)2]
- (546.9, 10) 
IIIA-13 [Mg(muala)]+ (300.03, 100); [Mg(muala)(CH3OH)2]
+ (363.64, 48); 
[Mg2(muala)2(H2O)] (617.16, 26) 
IIIA-14 [Mg2(Hmuser)(CH3OH)]
- (373.9, 100); [Mg(Hmuser)(CH3OH)3(H2O)3]
- 
(460.7, 26); [Mg(Hmuser)2]
- (607.3, 18) 
IIIA-15 [Ca3(mugly)2]
+ (641.3, 88); [Ca2(mugly)2(H2O)4]
+ (677.2, 94) 
[Ca4(mugly)2]
+ (685.7, 46); [Ca(mugly)3]




+ (371.8, 18); [Ca(muala)(H2O)6(CH3OH)4]
+ (554.8, 
40); [Ca(muala)(H2O)2(CH3OH)7]
+ (576.7, 70); 
[Ca(muala)(H2O)3(CH3OH)7]




+ (428.8, 100); [Ca(Hmuser)(CH3OH)]
- (363.4, 
28); [Ca(Hmuser)(CH3OH)4]
- (462.3, 20); 
[a]: Percentage refers to the height relative to the most intense peak in the spectrum 
 
3-A-3. Summary  
 
A series of metal(II) complexes containing coumarin derivatized amino acid 
ligands has been synthesized and characterized by physicochemical and spectroscopic 
methods. Interest in this work is stemmed from both supramolecular chemistry and 
photophysical properties of metal complexes of coumarin derivatives. Hence, apart from 
solid-state structures, absorption and emission properties of the ligands and complexes 
have been investigated in detail.  
Most of the structures of these ligands and complexes have been elucidated by X-
ray crystallography. Ligands H2mugly and H2muala were crystallized in zwitterionic 
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form and involved in extensive hydrogen bonding interactions in the solid state. Cu(II) 
complexes were described as coordination polymers constructed with dinuclear building 
blocks. Interestingly, Ni(II) complexes exhibit diverse and fascinating metal cluster 
structures including heptanickel hexagonal cluster, nickel-potassium heterobimetallic 
metallocrown and pentanickel aggregates. In addition, Zn(II) complexes assembled as 1D 
coordination polymers and formed a 3D hydrogen-bonded network. A closer examination 
of these structures has helped us in the understanding of self-assembly of hydrogels in the 
following sections (Part B and C). From the 1D coordination polymeric structures, metal 
complexes could be self-assembled into gel materials depend on the crystallization 
conditions such as metal ions and solvent as well as intermolecular interactions.  
On the other hand, absorption and emission properties of the ligand as well as 
complexes have shown that both ligands and complexes displayed very strong p-p* 
absorption due to the presence of coumarin chromophore. Furthermore, the ligands and 
Zn(II), Mg(II) and Ca(II) complexes exhibited remarkable blue emission.  
 These metal complexes might translated their molecular structures and intrinsic 
properties into applications in various fields. For instance, the Cu(II) and Ni(II) 
complexes may be applicable for their magnetic properties, particularly, Ni(II) clusters 
may function as single molecular magnets.261 Furthermore, the noncentrosymmetric 
crystal structure of Zn(II) complexes may have potential second-order non-linear optical 
properties. Remarkable emission properties of ligand, post-transition and main group 
complexes may find utility in applications in optoelectronic devices. This work has 
exemplified that rational design of crystalline solids could leads to novel functional 
materials. 








Hydrogelation of Fluorescent Zinc(II) Coordination Polymer: 
Synthesis, Photophysical and Gelation Properties 
 
 





Recently, metallo and CP gels have become an emerging research interest for 
versatile applications owing to their unique richness of the spectroscopic, catalytic, 
magnetic, redox and stimuli responsive properties attributed to metal centers135 (see 
Section 1-5-2). To date, there is relatively little information in the literature regarding the 
photoluminescence properties of CP gels including switching of emission color,152-154 
field emission and light emitting properties.150, 151 In view of the high photoluminescence 
quantum efficiencies of coumarin derivatives as fluorescence dyes,75 it is expected that 
such compounds may exhibit interesting spectroscopic and luminescence properties 
during sol-gel transition. 
In this section, the synthesis, characterization, gelation, photophysical and 
rheological studies of Zn(II) complex of III-a are presented. To our surprise, this ligand 
has been serendipitously discovered as suitable hydrogelator with Zn(II) in the absence of 
long chain hydrophobic groups. To understand the structure of the gel and mechanism of 
gelation, single crystal of related Zn(II) complex of III-b has been utilized. 
Comprehensive absorption and emission studies have been performed to investigate the 
photophysical properties of the hydrogel. Remarkably, the fluorescence intensity of the 
hydrogel has been enhanced drastically upon gelation, as compared to the corresponding 
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3-B-2. Results and Discussion 
3-B-2-1. Synthesis and properties of hydrogel 
 
When a basic aqueous solution of III-a is reacted with Zn(CH3COO)2×2H2O , a 
hydrogel of [Zn(mugly)(H2O)]·nH2O, IIIB-1 is formed instantly (1.3 wt %). The 
formation of gel is confirmed by inverted test tube method as shown in Figure 3-22. It is 
noted that the formation of hydrogel can be only observed when III-a is reacted with 
Zn(II) in aqueous solution. No such gelation was observed when the same reaction was 
repeated using other organic solvents (such as MeOH or EtOH) or metal (such as Ni(II) 
and Co(II)). Furthermore, III-b and III-c fail to form a stable hydrogel as IIIB-1. The as-
prepared hydrogel IIIB-1 is pH responsive, where it converts to a colourless clear 
solution on adjusting the pH to a value of 2 but retains its structure at pH = 8.  In acidic 
pH, the ligand should be protonated thus disturbing the complexation and gel structure. 
On adjusting the pH to a value of 8, the formation of complex allows recovery of the gel 
structure. Moreover, hydrogel IIIB-1 is mechano- responsive, where it converts to fluid 
after vigorous shaking but recover its structure upon standing. 
 
 
Figure 3-22. The photograph of ligand III-a (left) and hydrogel IIIB-1 (right). 
 
On the contrary, when aqueous solution of III-b or III-c was reacted with Zn(II), 
a viscous liquid which flows under gravity when inverted at room temperature were 
Chapter 3 (Part B) 
 
 126
formed. Single crystals of Zn(II) complexes of III-b and III-c, i.e. IIIA-10 and IIIA-11 
can be obtained by changing the solvent to MeOH and DMF solvent mixture. The crystal 
structures have been discussed in previous section (Section 3-A-2-2-7 and 3-A-2-2-8). 
Attempts to crystallize IIIB-1 were unsuccessful. Since IIIB-1 is expected to have same 
composition and similar structure with other Zn(II) complexes, structural investigation of 
IIIA-10 and IIIA-11 shed some light on the structure of IIIB-1.  Furthermore, the 
composition of IIIB-1 is deduced based on the results of elemental and TG.  
 
3-B-2-2. Microscopic morphological studies 
 
The nanostructure of hydrogel IIIB-1 was investigated by FESEM. Figure 3-23 
displays the FESEM image of freeze dried IIIB-1, which clearly displays a typical 
fibrillar network structure. The fibers are several micrometers long and diameters are in 
the range of 200-500 nm. From the crystal structure of IIIA-10, it appears that the 1D 
coordination polymers aggregate to form fibrous nanostructures which then further 
organize into a 3D network through non-covalent interaction to entrap the water.130 
 
 
Figure 3-23. FESEM image of freeze dried IIIB-1. 
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3-B-2-3. UV-vis absorption studies 
 
Detailed UV-vis studies were performed on IIIB-1 to elucidate its photophysical 
properties. UV-vis aborption properties of III-a ([III-a] = 9.12 × 10−5 M) in the presence 
of two equivalents of LiOH upon addition of Zn(II) were studied. Upon addition of Zn(II), 
the p-p* absorption band75 exhibits a blue shift in absorption energy with a well-defined 
isosbestic point at 352 nm as shown in Figure 3-24a. No spectral change was observed in 
the control experiment with NaCH3COO in place of Zn(CH3COO)2×2H2O, confirming 
that the changes could not be due to a change in ionic strength. The log Ks value obtained 
for Zn(II) ions is 5.13±0.12.262 The 1:1 complexation model for Zn(II) ion-binding was 
supported by the good agreement of the experimental data with the theoretical fit (Figure 
3-24a Inset) and the Job’s plot (Figure 3-24b). 
 Upon addition of one equivalent of Zn(II) ions to a solution of III-a, hydrogel 
IIIB-1 was formed instantly. Similar to the ion-binding study of Zn(II) in aqueous 
solution, a p-p* absorption band at 350 nm typical of the Zn(II)-coordinated species was 
observed (Figure 3-25a).75 Upon the addition of concentrated HCl, the p-p* absorption 
band typical of the Zn(II)-coordinated species exhibited a large blue shift in energy 
(Figure 3-25b) and the hydrogel IIIB-1 was disrupted into its sol state.  
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Figure 3-24. (a) UV-vis spectral traces of III-a upon Zn(II) binding in H2O in the 
presence of two equivalents of LiOH ([III-a] = 9.12 x 10-5 M); (b) Job’s plot for 1:1 
binding of III-a with Zn(II) in H2O, with the absorbance at 360 nm monitored (chost = 
[III-a]/[III-a]+[Zn2+] and DA is the change in absorbance at 360 nm). 
 
 
Figure 3-25. (a) UV-vis absorption spectra of III-a in H2O and hydrogel IIIB-1 ([1] and 
[IIIB-1] = 25 mM); (b) UV-vis absorption spectra of hydrogel IIIB-1 and its 
corresponding sol state in acidic medium ([IIIB-1] = 25 mM) 
   
  Since the hydrogel IIIB-1 is sensitive to pH changes, the binding properties of 
Zn(II) ions have been investigated in buffer solutions at various pH. At pH = 8, the p-
p* absorption band at 350 nm was observed, which is similar to that observed for the 
Zn(II)-bound species in water. Upon decreasing the pH, it exhibited significant blue 
shift in energy (Figure 3-26a). This suggests that an acidic medium would cause 
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protonation of the ligand, resulting in blocking of the coordination site and hence the 
gel structure. To study the effect of temperature on the hydrogel IIIB-1, variable 
temperature UV-vis absorption studies have been performed ([IIIB-1] = 25mM). The 
UV-vis absorption spectral traces at various temperature are shown in Figure 3-26b. 
The studies show that the hydrogel IIIB-1 is almost insensitive to a change in 
temperature below 55°C. At T > 55°C, it exhibited slight red shift in energy. Further 
increasing the temperature resulted in a drastic drop in absorbance and the hydrogel 
IIIB-1 turned milky. This suggests that the hydrogel IIIB-1 becomes unstable and 
forms precipitate at higher temperature. UV-vis absorption studies have been 
performed to investigate the effect of other metal ions on gel formation. No gel 
formation nor apparent spectral changes with Co(II) and Ni(II) were observed as 
shown in Figure 3-26c. This indicates that only Zn(II) ions would coordinate to III-a 










Figure 3-26. (a) UV-vis absorption spectra of III-a in the presence of one equivalent of 
Zn(II) at various pH in buffer solutions; (b) UV-vis absorption spectra of hydrogel IIIB-1 
at various temperatures; (c) UV-vis absorption spectra of III-a + Co(II), III-a + Ni(II) in 
H2O, and hydrogel IIIB-1 ([III-a] and [IIIB-1] = 25 mM). 
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3-B-2-4. Fluorescence studies 
 
As mentioned in Part A (Section 3-A-2-5), ligand III-a exhibits emission around 
445 nm. Upon complexation with Zn(II), the Zn-bound species displays slight blue shift 
to 440 nm. Since ligand III-a form hydrogel IIIB-1 upon addition of Zn(II) at 
concentration of 25mM, fluorescence studies were performed on ligands and the 
corresponding Zn(II) complexes at the same concentration. Figure 3-27 shows the 
fluorescence spectral traces of III-a to III-c and the corresponding Zn(II) complexes. It is 
seen that the fluorescence intensity of IIIB-1 (IIIA-9) was much higher than ligand III-a 
while IIIA-10 and IIIA-11 do not show significantly higher fluorescence intensity as 
compared to the corresponding ligand. This interesting observation has prompted us to 
further explore such fluorescence enhancement is due to gel formation or not, since only 
IIIB-1 exhibit distinct gelation properties as compared to other Zn(II) complexes.  
 





















Figure 3-27. Emission spectra of III-a to III-c (25 mM) upon addition of one equivalent 
of Zn(II) in H2O upon excitation at  l = 350 nm. 
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 The fluorescence spectral traces of aqueous solution of III-a and hydrogel 
IIIB-1 are shown in Figure 3-28a. The hydrogel IIIB-1 exhibits strong blue emission 
with maxima at 440 nm and pronounced enhancement in fluorescence as compared to 
III-a in solution. A drastic decrease in fluoresence was observed when the pH of 
hydrogel IIIB-1 was adjusted to low pH. We believe that dissociation of the complex 
is leading to disruption of the coordination polymeric gel structure and fluoresence 
quenching. The strong fluorescence property of hydrogel IIIB-1 can be visualized by 
naked eye under UV light (Figure 3-28b). As shown in Figure 3-28c, fluorescence 
micrograph of freeze dried IIIB-1 displays fibrous structure with strong blue emission.  
 
 
Figure 3-28. (a) Emission spectra of III-a in H2O and hydrogel IIIB-1 ([III-a] and 
[IIIB-1] = 25 mM) upon excitation at  l = 340 nm where the absorbance for all 
samples are the same; (b) Photograph of the hydrogel IIIB-1 under UV light; (c) 
fluorescence micrograph of freeze dried IIIB-1. 
 
 
  Controlled experiments were conducted to investigate whether the 
fluorescence enhancement is due to the hydrogel formation or complexation with 
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Zn(II). The fluorescence properties upon addition of Zn(II) ions into the basic 
aqueous solution of III-a ([III-a] = 9.12 × 10−5 M) were investigated. Upon 
excitation at the isosbestic point at l = 352 nm (Figure 3-24a), only a small change in 
fluorescence intensity was observed. The blue shift in emission energy could be 
rationalized by Zn(II) coordination, as observed in the corresponding UV-vis 
absorption studies. This suggests that complexation with Zn(II) ions in solution did 
not result in a fluorescence enhancement (Figure 3-29). In addition, no such 
enhancement was observed in the controlled experiments with Co(II) and Ni(II) in 
place of Zn(II) (Figure 3-30), confirming that the fluorescence enhancement is due to 
the formation of hydrogel IIIB-1. This observation could be rationalized by the 
rigidification of the media upon gelation which slows down non-radiative decay 
processes that lead to an enhancement in the luminescence.263 
 
 
Figure 3-29. Emission spectra of III-a upon addition of Zn(II) in H2O in the presence of 
two equivalents LiOH upon excitation at  l = 352 nm. 




Figure 3-30. Emission spectra of (a) hydrogel IIIB-1 and Co(II) + III-a upon excitation 
at 318 nm, and (b) hydrogel IIIB-1 and Ni(II) + III-a upon excitation at 310 nm. 
   
  Though there are few reports on the enhancement of photoluminescence 
intensity upon gelation, most of those known are of organic gels,264-266 two 
component gels267, 268 or emissive materials immoblized in a gel network.156 
Fluorescence enhancement upon the formation of a coordination polymeric hydrogel 
is observed here for the first time. It has been realized that  such enhancement of 
fluorescence in the hydrogel IIIB-1 is retained after the adjustment of pH, i.e. IIIB-1 
shows the same luminescent intensity when the solution at pH = 2 is adjusted back to 
pH = 8 reforming the gel. Hence, hydrogel IIIB-1 shows reversible fluorescence 
integrity following pH adjustment (Figure 3-31). 
Further studies have been done to gain insight of luminescence properties of 
hydrogel IIIB-1. The emission decay profiles shown in Figure 3-32 were monitored in 
450 nm for a basic aqueous solution of III-a and hydrogel IIIB-1. The emission decay 
profile of III-a demonstrates a single exponential component with lifetime of 1.09 ns (± 
0.02 ns). The fluorescence decay of IIIB-1 was well fitted with a single exponential 
component also, but has a longer lifetime of 3.93 ns (± 0.01 ns). It reflects that the 
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formation of hydrogel in aggregate state increases the rigidity and restricts the rotational 
and vibrational movements of molecules. The limited molecular motions decrease the 
non-radiative relaxation process, which led to the longer lifetime and fluorescence 
enhancement.263 
 

















 Sol IIIB-1 (pH 2)
 Hydrogel IIIB-1 
          (adjusted pH 2 to pH 8)
 
Figure 3-31. Emission spectra of hydrogel IIIB-1 before and after pH response upon 
excitation at l = 340 nm. 
 














Time / ns  
Figure 3-32. The fluorescence decay profiles of III-a and hydrogel IIIB-1. The samples 
were excited at 400 nm and monitored at 450 nm.  
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3-B-2-5. Rheological studies 
 
Quantification of the relationship between the operational stress and strain is 
paramount in the elucidation of the mechanical properties of a three dimensional 
structure. This can be carried out using dynamic oscillation on shear which demarcates 
the range at which the ratio of amplitudes of stress and strains does not depend on the 
aforementioned amplitudes. Figure 3-33 shows the linear viscoelastic range of hydrogel 
IIIB-1 as a function of increasing amplitude of deformation. Both the in-phase storage 
modulus (G') and out-of-phase loss modulus (G") remain flat up to ≈ 2% strain (G' > G"), 
which defines the uppermost bound of the linear viscoelastic region (LVR). Beyond this 
level of deformation, a catastrophic disruption of the network occurs as indicated by the 
steep drop in the values of both moduli and the reversal of the viscoelastic signal (G" > 
G'). From these data it was decided to perform subsequent measurements on the gel at 
0.5% strain which lies comfortably within LVR. 
 




















log (strain / %)  
Figure 3-33. Dynamic oscillatory strain sweep for hydrogel IIIB-1 at frequency of 1 rad 
s-1 and 25°C. 
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It was ascertained that within 60 min of an isothermal (25°C) time sweep carried 
out at 1 rad s-1 the elastic (G¢) and viscous (G¢¢ ) components of the network reached a 
pseudo-equilibrium plateau. This allowed implementation of a frequency sweep between 
0.1 and 10 rad s-1 at the same temperature and within LVR (Figure 3-34). Traces show 
“weak gel” behavior with G¢ and G" exhibiting a slight frequency dependence, the loss 
tangent (tan d = G"/ G¢) approaching a value of ≈ 0.1 throughout the experimental 
frequency range, and the double logarithmic plot of h* (dynamic viscosity) versus w 
(angular frequency) having a gradient close to - 1 [Note: h* = (G' 2 + G" 2)1/2 / w].269  
The nature of the macromolecular assembly is further probed using the correlation 
known as the Cox-Merz rule, an example of which is reproduced in Figure 3-34. In 
complete contrast to macromolecules that interact solely via topological entanglements, 
formation of hydrogel IIIB-1 violate the Cox-Merz rule.270 Thus dynamic viscosity from 
small-deformation oscillatory measurements is substantially higher (about two orders of 
magnitude) than steady shear viscosity (h) at equivalent rates of deformation. This 
indicates a tenuous network which remains intact under low-amplitude oscillation but is 
disrupted by continuous shear. 
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Figure 3-34. Dynamic frequency sweep for hydrogel IIIB-1: (primary axis) G' and G" at 
strain of 0.5% and 25°C; (secondary axis) steady shear and complex dynamic viscosity 
measurements. 
 
Figure 3-35a illustrates the progressive decrease in G' values accompanied by an 
increase in corresponding G" values recorded at the lower range of temperatures during a 
controlled heating run at 1°C min-1. A sharp melting process was observed between 55-
59°C. As shown in Figure 3-35b, subsequent cooling and isothermal run at 25°C fail to 
recover the rigidity of the material prior to heating, with the viscous component being 
predominant. Similarly, shear rate ramps follow a time-dependent shear thinning pattern 
(Figure 3-36), with hysteresis loops showing pronounced thixotropic behavior which 
precludes recovery and obtaining the return curve within the normal course of 
experimentation. 
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Figure 3-35. Dynamic temperature ramp G' and G" for hydrogel IIIB-1 at the heating 
rate of 1°C min-1, strain of 0.5% and frequency of 1 rad s-1; (b) dynamic time sweep at 
strain of 0.5% and frequency of 1 rad s-1. 
 




















Figure 3-36. Viscosity of hydrogel IIIB-1 as function of shear rate 
 
To further identify the linear/non-linear mechanical properties of hydrogel IIIB-1 
at measuring times longer than ≈ 60 s employed maximally in Figure 3-34, creep testing 
in the form of retarded and relaxed deformation has been utilized. Figure 3-37a 
reproduces the retardation and relaxation curves following careful application and 
removal of constant stress (1.0 Pa) for 60 min, respectively. At the final stage of the 
retardation curve, angular displacement does not exceed 0.6% hence the material remains 
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within LVR. Sudden removal of the constant stress allows a reverse deformation that 
recovers 35% of the initial shape at the end of the relaxation curve. The effect of higher 
application of stress (1.5 Pa) on the integrity of hydrogel IIIB-1 is depicted in Figure 3-
37b. Instantaneous deformation is followed by a diminishing rate of deformation change 
leading to a non-linear regime that reflects a catastrophic rearrangement of cross-links of 
the network. As a result there is infinitesimal recovery from the high ultimate extent of 
deformation during the subsequent relaxation experiment. 
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Figure 3-37. Creep retardation and recovery (relaxation) curves of hydrogel IIIB-1 at 
25°C. Measurements were taken at instantaneous stress of: (a) 1 Pa and (b) 1.5 Pa where 
(n) was a close-up (primary axis) of the complete curves (□) (secondary axis). 
 
To quantify the long-time rearrangements in the matrix of hydrogel IIIB-1, the 
continuous pattern of flow that emerges following application of the instantaneous stress 
has been described by a discrete retardation spectrum. To facilitate comparisons between 
the two discrete applications of stress, a discrete exponential model of the experimental 
compliance, J(t), was considered to be adequate.271 Modeling provides the instantaneous 
compliance, Jo, the retarded compliance, J1, the steady-state compliance, Je, the 
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retardation time of the Kelvin component, l, and the steady shear viscosity. In brief, 
parameterization of the retardation data yields higher estimates of Je (from 0.005 to 0.015 
Pa-1) with increasing values of applied stress (from 1.0 to 1.5 Pa). The transition from the 
small to large-deformation regime is also seen in the values of h which vary from ≈ 54 
kPa s to 0.6 kPa s with increasing applications of stress. Finally, the irreversible 
rearrangement of cross-links is reflected in the l values of the Kelvin component (spring 
and dashpot elements joined in series), which decrease from 3.4 s to 0.4 s with increasing 




Zn(II) complex IIIB-1 of coumarin derivatized glycine ligand has been 
synthesized and characterized by physicochemical and spectroscopic methods. 
Fascinatingly, in the absence of long chain hydrophobic groups, N-(7-hydroxy-4-methyl-
8-coumarinyl)-glycine produces an efficient, pH and mechano- responsive CP gel IIIB-1 
in aqueous solution. No such gel formation was observed when the other ligands, 
solvents or metal ions were used. Based on the single crystal X-ray crystallographic 
studies of IIIA-10 and IIIA-10, it can be suggested that IIIB-1 form 1D coordination 
polymer and aggregate into fibrous nanostructures which entrap water molecules.  
Microscopic studies on IIIB-1 further confirmed its nanofibrillar network structure, 
which responsible for the formation of hydrogel.  
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The UV-vis studies of coumarin derivatized amino acid ligands indicate a pH-
dependent p-p* absorption attributed to the conjugation of pyrone ring. Complexation of 
Zn(II) with these ligand also display the p-p* absorption band around 350 nm. Detailed 
UV-vis studies have been performed on hydrogel IIIB-1 to evaluate its absorption 
properties. It has been found that the hydrogel showed pH and temperature dependent 
absorption behavior. Complex IIIB-1 displays strong blue emission with maxima at 440 
nm. More interestingly, upon the formation of the CP gel, IIIB-1 exhibit pronounced 
fluorescence enhancement as compared to the ligand. This observation may be ascribed 
to the rigidification of the media upon gelation which slows down non-radiative decay 
process that lead to fluorescence enhancement. This striking characteristic of the 
hydrogel may find utility in the applications for light emitting diodes and other 
optoelectronic devices. Mechanical properties of three dimensional structure of the 
hydrogel have been further probed with rheological techniques. A complementary armory 
of dynamic oscillation, steady shear and transient experiments indicate the formation of a 
weak and thermally labile network whose tenuous supramolecular structure is irreversibly 
disrupted by mechanical (shear) or thermal (heating) treatments. 
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Gelation-induced Fluorescence Enhancement of Amorphous 
Magnesium(II) Coordination Polymeric Hydrogel 
 
 





The supramolecular gels derived from organic molecules107, 129-134 and metal-
organic compounds135 have gained considerable attention, owing to their unique features 
and versatile applications as soft materials. Particularly, biocompatible and biodegradable 
hydrogel have been proven as promising materials for tissue engineering109 and drug 
delivery.110-112 Amino acid derivatives have been reported as excellent hydrogelators and 
some hydrogels even have been demonstrated as biocompatible materials.118-123 Driven 
by our findings in Part B, the gelation of Mg(II) complex of N-(7-hydroxy-4-methyl-8-
coumarinyl)-alanine ligand have been investigated in detail in order to obtain 
biocompatible hydrogels.  
Alkali earth metal such as Mg(II) was used for this purpose. The main group 
metals particularly Mg(II) are essential minerals in the biological systems. Mg(II) is the 
most abundant of the divalent ions in the cell and plays an important role in cell 
proliferation and cell death. It also participates in the modulation of signal transduction, 
various transporters, and ion channels.272-275 Apart from the view of bioavailability, Mg(II) 
is also known to retain the emission properties of coumarin chromophore. It has been 
reported that the fluorescence properties of coumarin derivatives can be retained in the 
presence of alkali-earth metals and quenched by transition metals.179-181 This can be 
explained by the transition and post-transition metals generally quench the fluorescence 
due to the electron or energy transfer between the metal cations and fluorophores.276  
In this section, the synthesis, characterization and photophysical properties of 
Mg(II) complex of N-(7-hydroxy-4-methyl-8-coumarinyl)-alanine ligand are described. It 
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has been serendipitously discovered that the Mg(II) complex able to gelate water and 
form a pH and mechano- responsive hydrogel. Comprehensive studies were performed to 
elucidate the gelation, morphological, photophysical and viscoelasticity properties of 
hydrogel.    
 
3-C-2. Results and discussion 
3-C-2-1. Synthesis and properties of hydrogel 
 
When a basic aqueous solution of III-b is reacted with an aqueous solution of 
Mg(CH3COO)2×4H2O, a yellow clear solution is formed initially. If the solution mixture 
was left undisturbed at room temperature for about 20 min, an opaque hydrogel of 
[Mg(muala)(H2O)2]·nH2O (IIIC-1) was obtained. Gel formation (2.7 wt %) is confirmed 
by the inverted test tube method (Figure 3-38a). No such gelation was observed when the 
same reaction was repeated with other organic solvents (including MeOH and EtOH) or 
with Ca(II). The powder of IIIC-1 can be obtained by slow evaporation from a 
methanolic solution. Further analysis and characterization were conducted with the 
powdered sample unless otherwise mentioned. Complex IIIC-1 is a neutral compound 
with the metal to ligand ratio being 1:1, as evidenced from the elemental analysis and 
Job’s plot. The water molecules found from elemental analysis differ from the number of 
their counterparts associated with the gelator in the hydrogel. This should be attributed to 
the difference of solvents present in the solid (MeOH) and gel (H2O) state. 
 The hydrogel IIIC-1 converts to a yellowish clear solution at pH = 2 but retains 
its gel structure at pH = 8 indicating the pH responsive property. Under the acidic 
 conditions, the ligand III-b
hence, the gel structure. On the other hand, the hydrogel 
responsive behavior in which it can recover the gel structure on standing
vigorous shaking to fluidize. The hydrogel 
like methanol, ethanol, THF and DMF. Slow evaporation of the d
solution of the gel gave a free standing poly
observation suggests that the appearance of film probably is attributed to the coordination 
polymer nature, instead of powder upon slow evaporation.   
 
                                           (a)                                                (b) 
Figure 3-38. (a) The photograph of 
standing polymeric film of dried gel 
 
It is noteworthy that ligand 
Zn(II) without the use of long chain hydrophobic groups
However, no such gelation was observed when the
used.  In this context, ligands 
observation suggests that the substituent on the amino acid side chain may not change the 
overall coordination and conformation of the complex, however, it would influence
supramolecular interactions leading to gelation.  
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 is protonated and thereby disturbing the complexation and 
IIIC-1 exhibits mechano 
IIIC-1 is soluble in common organic solvent 
iluted methanolic 




III-b (left) and hydrogel IIIC-1 (right); (b) The free 
IIIC-1. 
III-a has been developed as suitable hydrogelator with 
 in the previous section
 structurally similar ligand 












Chapter 3 (Part C) 
 
 147
The schematic representation of the proposed structure of IIIC-1 is shown in 
Figure 3-39. The IIIC-1 is most likely to be a 1D coordination polymer with the 
carboxylate O of the ligand coordinating the neighboring Mg(II) center as supported by 
IR absorption studies. As shown in Figure 3-40, the difference in asymmetric (uas) and 
symmetric (us) stretching frequencies of carboxylate group in freeze dried IIIC-1 was 
found to be 114 cm-1, suggests the bridging coordination mode of the carboxylate groups. 
In general, Du reflects the coordination geometry of carboxylate, in which Du >  200 cm-1 
for the monodentate carboxylate and Du < 200 cm-1 for bridging carboxylate.187 
Nonetheless, in the absence of crystal structure, the monomeric species cannot be rule out. 
Postulation of 1D coordination polymeric structure can easily explain the gel formation in 
which the 1D polymeric strands entangle with each other to form a 3D fibrous network. 
The water molecules are entrapped within the porous network and form a stable hydrogel. 
It appears that entanglement of the nanofiber gel network takes place as a result of 
hydrogen bonding between amino and carboxylate groups in the ligand, and water 
















Figure 3-39. Schematic representation of proposed structure of IIIC-1 
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Figure 3-40. IR spectra of ligand III-b and freeze dried IIIC-1 
 
Hydrogel IIIC-1 exhibits different properties as compared to the hydrogel IIIB-1 
in the previous section. The gelation process observed here requires about 20 min at room 
temperature to occur whereas Zn(II) forms a gel instantly upon mixing with the ligand. 
On the other hand, a higher concentration of gelator is required for gel formation, as 
compared to the IIIB-1. Furthermore, these two gels have different thermal properties. 
Upon heating to 65°C, IIIB-1 gel becomes a white precipitate and the gel structure does 
not recover upon cooling. For IIIC-1 gel, upon heating to the same temperature, it turns 
to a clear yellow solution and upon cooling, the gel structure is visually restored.  
 
3-C-2-2. Microscopic morphological studies 
 
The morphology of the hydrogel IIIC-1 was investigated by FESEM and TEM. 
The investigation reveals that the hydrogel IIIC-1 is formed by the self-assembled 
fibrous structure of the coordination polymer. Figure 3-41a exhibits the typical low 
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magnification FESEM micrograph of freeze dried IIIC-1, which reveals the fibrillar 
network structure of the gel. The higher magnification image (Figure 3-41b) shows that 
these fibers are quite uniform ribbon shaped with a rectangular cross-section. These 
fibers are several micrometers long and diameters are in the range of 50-150 nm. It seems 
that the coordination polymeric chains of IIIC-1 are bundled up to self-assemble into a 
fibrous network.  
 
  
Figure 3-41. FESEM images of freeze dried IIIC-1 (a) low magnification; (b) high 
magnification. 
 
TEM analysis also supports the concept of the gel being composed of micro-sized 
tapes, which are several microns long (Figure 3-42a) and the diameters are in the range of 
50-100 nm. Furthermore, the high resolution TEM micrographs of these ribbons indicate 
a predominant amorphous nature. Thus, no crystal fringe patterns were observed and the 
electron diffraction patterns exhibit diffuse rings suggestive of amorphous 
microstructures (Figure 3-42b). This amorphous behavior is different from that found in 
IIIB-1 gel containing a similar ligand.  
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Figure 3-42. (a) TEM image of freeze dried IIIC-1; (b) Electron diffraction pattern of 
freeze dried IIIC-1.  
 
3-C-2-3. UV-vis absorption studies 
 
UV-vis absorption measurements were performed on complex IIIC-1 to study its 
electronic properties. Upon addition of Mg(II) ions to an aqueous solution of III-b in the 
presence of two equivalents LiOH ([III-b] = 1.04 x 10-4M), a typical p-p* absorption 
band appears at 360 nm (Figure 3-43).75 There is no significant shifting in energy upon 
complexation. The 1:1 complexation model for Mg(II) ion-binding was elucidated by 
Job’s plot as shown in Figure 3-44. 
 




















Figure 3-43. UV-vis absorption spectra of III-b in the presence of Mg(II) in H2O. 
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Figure 3-44. (a) UV-vis spectral traces of III-b upon Mg(II) binding in H2O in the 
presence of two equivalents of LiOH ([III-b] = 1.04 x 10-4 M); (b) Job’s plot for 1:1 
binding of III-b with Mg(II) in H2O, with the absorbance at 360 nm monitored (chost = 
[III-b]/[III-b]+[Mg2+] and DA is the change in absorbance at 360 nm). 
 
Upon addition of Mg(II) ions to an aqueous solution of III-b, hydrogel IIIC-1 
was formed after 20 min. Figure 3-45 displays the UV-vis spectral traces of III-b, 
hydrogel IIIC-1 and sol IIIC-1 ([III-b] and [IIIC-1] = 50 mM). The hydrogel IIIC-1 
exhibits a p-p* absorption band around 360 nm. The addition of concentrated HCl to 
hydrogel IIIC-1 turns it into sol state. The p-p* absorption band of sol IIIC-1 shows a 
large blue shift in energy to 320 nm.  
 
















Figure 3-45. UV-vis absorption of III-b and hydrogel IIIC-1 and its corresponding sol 
state in acidic medium ([III-b] and [IIIC-1] = 50 mM). The samples were sandwiched 
between quartz plates. 
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As hydrogel IIIC-1 is pH dependent, absorption studies of III-b in the presence 
of one equivalent of Mg(II) ([III-b] = 1.04 x 10-4 M) have been investigated in buffer 
solutions at various pH. Figure 3-46 shows absorption spectral traces of IIIC-1 in 
different pH buffer solutions. Mg(II)-bound species exhibit p-p* absorption band around 
360 nm in alkaline solution. In acidic medium, p-p* absorption band shifts to 320 nm. 
This suggests that an acidic medium would cause protonation of the ligand, hence leading 
to dissociation of the complex.  
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Figure 3-46. UV-vis absorption spectra of III-b in the presence of one equivalent of 
Mg(II) ([III-b] = 1.04 x 10-4 M) at various pH in buffer solutions. 
  
To study the effect of temperature on hydrogel IIIC-1, variable-temperature UV-
vis absorption studies have been carried out from 15 to 85°C ([IIIC-1] = 50 mM). The 
UV-vis spectral traces of hydrogel IIIC-1 at different temperatures are shown in Figure 
3-47. At 25°C, an absorption band at 360 nm was observed, which corresponds to the p-
p* absorption band characteristic of the Mg(II)-bound species. No significant spectral 
changes were observed upon increasing temperature to 55°C. Further increasing the 
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temperature resulted in a drastic drop in absorbance. This reflects that the hydrogel IIIC-
1 is stable at temperatures below 55°C, but becomes unstable at higher temperatures. This 
is in correlation with the aforementioned thermal properties of hydrogel IIIC-1, melts 
around 65°C.    
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Figure 3-47. UV-vis absorption of hydrogel IIIC-2 ([IIIC-2] = 50 mM) at various 
temperatures (sample sandwiched between quartz plates). 
 
3-C-2-4. Fluorescence studies 
 
 The emission behavior of complex and hydrogel IIIC-1 was investigated. It has 
been noted in the previous section that fluorescence properties could be enhanced 
dramatically upon the gelation of coordination polymer. Hence, detailed experiments 
were done to investigate fluorescence properties of IIIC-1. The fluorescence spectral 
traces of basic aqueous III-b and hydrogel IIIC-1 ([III-b] and [IIIC-1] = 50 mM) upon 
excitation at l = 360 nm are shown in Figure 3-48a. The hydrogel IIIC-1 exhibits strong 
blue emission with maxima at 455 nm. The fluorescence intensity has been enhanced 
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drastically, as compared to III-b. The photoluminescence of hydrogel IIIC-1 can be 
visualized by naked eye under UV light as displayed in Figure 3-48b. Moreover, blue 
luminescence emitted from nanoribbon can be directly observable under a fluorescence 
microscope (Figure 3-48c).  
 
 
Figure 3-48. (a) Emisssion spectra of III-b and hydrogel IIIC-1 ([III-b] and [IIIC-1] = 
50 mM ) upon excitation at l = 360 nm; (b) photograph of the hydrogel IIIC-1 under UV 
light; (c) fluorescence micrograph of freeze dried IIIC-1. 
 
Controlled experiments were conducted to investigate whether the fluorescence 
enhancement is owed to the hydrogel formation or complexation with Mg(II). The 
emission properties of the basic aqueous solution of III-b ([III-b] = 1.04 x 10-4 M) upon 
addition of Mg(II) were studied (Figure 3-49a). There is no significant change in 
fluorescence intensity was observed upon excitation at l = 360 nm. This finding indicate 
that complexation of Mg(II) ions with III-b in solution did not result in a fluorescence 
enhancement, as compared to free ligand III-b. Furthermore, controlled experiment with 
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Ca(II) in place of Mg(II) does not exhibit such huge fluorescence enhancement, 
suggesting that the enhancement is due to the formation of hydrogel IIIC-1 (Figure 3-
49b).  
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Figure 3-49. (a) Emission spectra of IIIC-1 ([IIIC-1] = 1.04 x 10-4 M) upon addition of 
Mg(II) in H2O in the presence of two equivalents LiOH upon excitation at l = 360 nm; (b) 
Emission spectra of III-b upon addition of Ca(II) in H2O in the presence of two 
equivalents LiOH upon excitation at l = 360 nm. 
 
As the hydrogel IIIC-1 forms over a period of time, time-dependent emission 
studies have been performed to investigate effect of gelation on the fluorescence behavior. 
Figure 3-50 displays the fluorescence intensity of IIIC-1 at l = 445 nm during the 
gelation process. It can be seen that the fluorescence intensity increases and reaches a 
constant value at ~20 min, that is, at a time coincident with gel formation. There is no 
more increment in fluorescence intensity at longer times of experimentation. This 
indicates that the maximum fluorescence intensity is only observed when the hydrogel 
IIIC-1 is completely formed. The enhancement of fluorescence intensity upon formation 
of coordination polymeric gel was also noted for IIIB-1 in section 3B. Such fluorescence 
enhancement in gel state compared to sol state also has been reported for low molecular 
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mass gels264-266 and two-component gels.267, 268 Generally, an increase in the rigidity of a 
molecule can decrease molecular vibrations, probably suppress the internal conversion of 
an excited molecule, and may increase the fluorescence quantum yield.263 
 































Figure 3-50. Time-dependent emission intensity of hydrogel IIIC-1 at 455 nm. The inset 
shows the fluorescence spectral traces against time.  
 
Variable-temperature fluorescence spectral traces of hydrogel IIIC-1 are shown 
in Figure 3-51. No significant spectral changes were observed as the temperature was 
increased from 15-55°C. There is a slight decrease in fluorescence intensity when 
hydrogel IIIC-1 was heated to 65°C. Further increment of temperature resulted in 
decreasing the emission. This suggests that the emission of hydrogel IIIC-1 decreases as 
it melts at 65-75°C. These findings indicate that optimal emission of IIIC-1 is when the 
hydrogel is completely formed and that the emission of hydrogel decreases as it melts at 
higher temperature. This striking observation should be attributed to the rigidification of 
the media upon gelation, a process that slows down non-radiative decay mechanisms 
hence leading to luminescence enhancement. Though the hydrogel dissociate from 
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aggregation state and shows a drastic drop in fluorescence intensity, the complex still 
exhibits a considerable blue emission in solution state. This could be attributed to the 
presence of weak supramolecular interactions whilst still in the solution state.   
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Figure 3-51. Fluorescence spectra of hydrogel IIIC-1 at various temperatures 
 
Further studies have been done to gain insight of luminescence properties of 
hydrogel IIIC-1. The emission decay profiles were monitored at 450 nm for a basic 
aqueous solution of III-b and hydrogel IIIC-1. Figure 3-52 illustrates the fluorescence 
lifetime profile of H2muala and hydrogel IIIC-1. The fluorescence decay of III-b was fit 
well with a single exponential component yielding a lifetime of 2.75 ns (± 0.07 ns). 
Analysis of the emission decay profile of IIIC-1 gave a longer lifetime of 3.44 ns (± 0.03 
ns). It reflects that the formation of hydrogel in aggregate state increases the rigidity and 
restricts the rotational and vibrational movements of molecules. The limited molecular 
motions decrease the non-radiative relaxation process, which lead to the longer lifetime 
and fluorescence enhancement.263  
 
Chapter 3 (Part C) 
 
 158












Time / ns  
Figure 3-52. The fluorescence decay profiles of ligand III-b and hydrogel IIIC-1. The 
samples were excited at 400 nm and monitored at 450 nm. 
 
3-C-2-5. Rheological studies 
 
The mechanical properties of the three dimensional structure of hydrogel IIIC-1 
was performed by using small and large deformation dynamic oscillation, steady shear 
and transient (creep) measurements. The linear viscoelastic region (LVR) of hydrogel 
IIIC-1 as a function of increasing amplitude of deformation on shear was determined 
with a strain amplitude ranging from 0.01% to 200% at 1 rad s -1 (Figure 3-53). Both 
the in-phase storage modulus (G') and out-of-phase loss modulus (G") remain constant up 
to ≈ 1% strain (G' > G"), an outcome which defines the uppermost bound of LVR. 
Beyond this level of deformation, a catastrophic disruption of the network occurs as 
indicated by the steep drop in the values of both moduli and the reversal of the 
viscoelastic signal (G" > G'). From these data it was decided to perform subsequent 
measurements on the gel at 0.1% strain which lies comfortably within LVR. 
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Figure 3-53. Dynamic strain sweep measurements of G' and G'' for hydrogel IIIC-1 at a 
frequency of 1 rad s-1 and 25°C. 
 
Time-dependent oscillation measurements can monitor the gelation process as 
hydrogel IIIC-1, which forms gradually upon mixing of III-b and Mg(II). As shown in 
Figure 3-54, time sweep shows the rapid growth of G¢ and G¢¢  in the initial stage of 
gelation followed by a slower long term approach to final pseudo-equilibrium plateau. At 
the end of the experimentation, the values of G' is about an order of magnitude higher 
than G¢¢. Gel network formation obtained from time-dependent oscillation is in 
correlation with the fluorescence studies, which show that maximum fluorescence 
intensity is reached at about 20 min.  
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Figure 3-54. Dynamic time sweep measurements of G' and G'' for hydrogel IIIC-1 at a 
strain of 0.1%, frequency of 1 rad s-1 and 25°C.  
 
Achievement of the aforementioned pseudo-equilibrium plateau allows 
implementation of a frequency sweep between 0.1 and 100 rad s-1 at the same 
temperature and within LVR. This shows that G¢ > G¢¢, confirming that the hydrogel 
IIIC-1 has predominantly elastic character (Figure 3-55). The elasticity of the gel is 
further evident in the fact that G¢ and G¢¢ are minimally sensitive to angular frequency (w) 
and the loss tangent (tan d = G"/ G¢) approaches a value of ≈ 0.1 in the tested frequency 
range. The double logarithmic plot of h* (dynamic viscosity) versus w (angular 
frequency) having gradient close to -1 [Note: h* = (G'2 + G''2)1/2 / w], which is a 
characteristic of strong cohesive gel.269 
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Figure 3-55. Dynamic frequency sweep measurements of G' and G'' for hydrogel IIIC-1 
at a strain of 0.1% and 25°C.  
 
The heating profile of hydrogel IIIC-1 during a controlled run at 1 °C min-1 from 
ambient temperature to 90°C shows a sharp melting process between 70 and 75°C 
indicative of “liquefaction” (Figure 3-56a). As displayed in Figure 3-56b, subsequent 
cooling and isothermal run at 25°C fail to recover the rigidity of the material prior to 
heating, with the viscous component being predominant. Though the gel is visually 
thermal reversible as mentioned before, the recovered gel is actually phase separated 
from the solvent. Hence, this implies that the morphology of hydrogel IIIC-1 is not 
entirely recoverable. 
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Figure 3-56. (a) Dynamic temperature ramp measurements of G' and G'' for hydrogel 
IIIC-2 at the heating rate of 1 °C min-1, strain of 0.1% and frequency of 1 rad s-1; b) 
Dynamic time sweep measurements of G' and G'' for hydrogel IIIC-1 at a strain of 0.1%, 
frequency of 1 rad s-1 and 25°C.  
  
Besides the thermal effect, the response of hydrogel IIIC-1 to high shear fields 
will also determine performance in potential applications. Increasing the rate of 
unidirectional shear from 0.01 to 1000 s-1 results in a reduction in the values of steady 
shear viscosity (shear thinning effect in Figure 3-57). These are not recoverable within 
the opposite ramp thus exhibiting thixotropic behavior for the hydrogel IIIC-1, with a 
hysteresis loop forming between the forward and reverse pathway.  
 





















Figure 3-57. Steady shear measurements of viscosity as function of shear rate of 
hydrogel IIIC-1 at 25°C. 
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To further identify the linear/non-linear mechanical properties of hydrogel IIIC-1 
at measuring times longer than ≈ 60 s employed maximally in Figure 3-55, creep testing 
in the form of retarded and relaxed deformation has been utilized. Figure 3-58a 
reproduces the retardation and relaxation curves following careful application and 
removal of constant stress (5.0 Pa) for 60 min, respectively. Hydrogel IIIC-1 shows an 
instantaneous elastic response, characterized by an initial creep compliance, followed by 
a time-dependent creep region the slope of which gives the reciprocal of zero shear 
viscosity. At the final stage of the retardation curve, generated strain is about 1% with the 
material remaining in the vicinity of LVR. Sudden removal of applied stress allows a 
reverse deformation that recovers 56 % of the initial shape at the end of the relaxation 
curve. Higher application of stress (60 Pa) on the morphology of hydrogel IIIC-1 results 
in high levels of deformation (Figure 3-58b) and, consequently, the material is unable to 
recover its structure upon the subsequent relaxation experiment. 
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Figure 3-58. Creep retardation and recovery (relaxation) curves of hydrogel IIIC-1 at 
instantaneous stress of  a) 5 Pa; b) 60 Pa. 
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Based on current mechanical evidence and results reported earlier in the previous 
section, it is evident that the three dimensional structure of hydrogel IIIC-1 is more 
cohesive than the IIIB-1. Thus, it is noticeable that the G' values of hydrogel IIIC-1 are 
about an order of magnitude higher than those of the IIIB-1 gel. In addition, the melting 
temperature of hydrogel IIIC-1 is higher than for the IIIB-1 gel (about 60°C) arguing for 
a more thermally resistant network. As indicated by creep retardation testing, the IIIC-1 
gel sustained a high application of experimental stress and managed considerable levels 
of recovery. Applied stress as low as 1.5 Pa is capable of fracturing the hydrogel IIIB-1, 
whereas 40 times higher loads of stress are required for such catastrophic effect on the 
hydrogel IIIC-1.  
Comprehensive mechanical studies here have exemplified the viscoelasticity of 
hydrogel IIIC-1. The weak gel properties are resulted from the entanglement of 
coordination polymer and held together firmly by hydrogen bonding interactions. Owing 
to the thixotropic behavior, small deformation such as dynamic oscillation and steady 
shear allows recovery of hydrogel network by self-assembly. Transient creep 
measurements further demonstrate the high recovery of the hydrogel IIIC-1. This 




The hydrogel formed by the Mg(II) complex of N-(7-hydroxy-4-methyl-8-
coumarinyl)-alanine has been synthesized and fully characterized. The composition of the 
complex was determined by elemental and thermal analysis. Fascinatingly, a pH and 
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mechano- responsive hydrogel was obtained for IIIC-1 in aqueous solution. 
Comprehensive studies were performed to investigate the gelation, morphological, 
photophysical and rheological properties of hydrogel.  
Gelation of IIIC-1 may be due to aggregation of coordination polymeric chain 
upon complexation with Mg(II). This would facilitate the formation of fibrous 
nanostructures which further self-assemble into a 3D network structure through non-
covalent interactions to entrap the water. The photophysical studies have shown that the 
hydrogel IIIC-1 exhibits a typical p-p* transition and gives rise to high fluorescence 
behavior. Upon the formation of coordination polymeric gel, IIIC-1 shows a pronounced 
fluorescence enhancement with longer lifetime, as compared to the ligand. Such striking 
fluorescence properties may facilitate the complex useful for application in optoelectronic 
devices. Mechanical properties of three dimensional network of hydrogel IIIC-1 were 
elucidated by rheological techniques. A complementary armory of dynamic oscillation, 
steady shear and transient experiments indicate the formation of a relatively strong and 
thermally resistant gel network, as compared to the IIIB-1 hydrogel.  
The synthesized complex may be biocompatible as it is composed of Mg(II) and 
an amino acid derivative which makes it appropriate material for biomedical applications. 
More significantly, hydrogel IIIC-1 may applicable as novel soft material which can be 
used for drug delivery and tissue engineering purposes.  
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3-D. Experimental section 
3-D-1. Synthesis of ligands  
All the ligands have been synthesized using the same molar quantities of 4-
methylumbelliferone and amino acid in the presence of formaldehyde according to the 
reported procedure.169  
 
N-(7-hydroxy-4-methyl-8-coumarinyl)-glycine, H2mugly (III-a) 
To a warm solution of 4-methylumbelliferrone (0.881 g, 5 mmol) in ethanol (30 mL) was 
added with glycine (0.375 g, 5 mmol) in water (20 mL) and formaldehyde (37%, 370 mL, 
5 mmol). The reaction mixture was heated at 90°C for 8 hours. The resulting precipitate 
was filtered off and recrystallized using 1:1 water:ethanol solution. Yield: 0.72 g, (55%). 
m.p. 268-269°C. Anal Calcd. for C13H13NO5 (263.25): C, 59.31; H, 4.98; N, 5.32; found: 
C, 59.54; H, 5.32; N, 5.07. IR (cm-1): u(OH) 3433; u(NH) 3174;uas (COO-) 1720; uas (COO-) 
1598; us (COO-) 1389. 1H NMR (D2O, ppm): d 7.50 (d, 1H, Ar), 6.65 (d, 1H, Ar), 5.91 (s, 
1H, Ar), 4.28 (s, 2H, -CH2NH), 3.57 (s, 2H, -NHCH2), 2.35 (s, 3H, -ArCH3). 
13C NMR 
(D2O, ppm): d 173.73 (-COOH), 171.79, 165.08, 157.60, 153.51, 126.03, 118.04, 107.82, 
106.85, 104.35 (Ar), 49.16 (-NHCH2), 40.66 (-CH2NH), 17.84 (-ArCH3). EI-MS: m/z 
263.1. 
 
N-(7-hydroxy-4-methyl-8-coumarinyl)-L-alanine, H2muala (III-b) 
Yield: 0.78 g, (56%). m.p. 296-298°C. Anal. Calcd. for C14H15NO5 (277.28): C, 60.64; H, 
5.45; N, 5.05; found: C, 60.70; H, 5.60; N, 5.04. IR (cm-1): u(OH) 3433; u(NH) 3146;uas 
(COO
-
) 1721; uas (COO-) 1580; us (COO-) 1392. 1H NMR (D2O, ppm): d 7.29 (d, 1H, Ar), 6.52 
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(d, 1H, Ar), 5.68 (s, 1H, Ar), 3.99 (s, 2H, -CH2NH), 3.54 (q, 1H, -NHCH2), 2.16 (s, 3H, -
ArCH3), 1.45 (d, 3H, -CH3). 
13C NMR (D2O, ppm): d 176.08 (-COOH), 171.78, 164.97, 
157.62, 153.35, 126.27, 117.97, 107.90, 105.78, 104.46 (Ar), 56.92 (-NHCH), 39.72 (-
NHCH2), 17.86 (-ArCH3), 15.24 (-CH3). EI-MS: m/z 277.1. 
 
N-(7-hydroxy-4-methyl-8-coumarinyl)-L-serine, H3muser (III-c) 
Yield: 0.75 g, (51%). m.p. 267.5-267.8°C. Anal. Calcd. for C14H15NO6 (293.28): C, 
57.34; H, 5.16; N, 4.78; found: C, 56.93; H, 5.16; N, 4.73. IR (cm-1): u(OH) 3263 3206 
3099; u(NH) 3146;uas (COO-) 1707; uas (COO-) 1534; us (COO-) 1391. 1H NMR (D2O, ppm): d 
7.27 (d, 1H, Ar), 6.53 (d, 1H, Ar), 5.68 (s, 1H, Ar), 3.92 (m, 2H, -CH2OH), 3.79 (m, 2H, 
-CH2NH), 3.38 (t, 1H, -NHCH2), 2.20 (s, 3H, -ArCH3). 
13C NMR (D2O, ppm): d 176.05 
(-COOH), 171.46, 165.44, 157.68, 153.52, 125.48, 117.95, 109.24, 108.07, 104.36 (Ar), 
63.48 (-OHCH), 61.10 (-NHCH), 39.92 (-NHCH2), 17.89 (-ArCH3). EI-MS: m/z 292.9. 
 
3-D-2. Synthesis of complexes 
[Cu2(mugly)2(H2O)2]×5H2O×0.5DMF, IIIA-1 
To a solution of H2mugly (26.2 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in MeOH (5 
mL), Cu(CH3COO)2·H2O (20 mg, 0.1 mmol) in DMF (5 mL) was added. The reaction 
was stirred for 30 min and filtered. Green precipitate formed after two days were 
collected, wash with ethanol, diethyl ether and then dried in vacuum. Yield: 54 mg, 
(70%). Anal. Calcd. for C27.5H39.5N2.5O17.5Cu2 (776.72): C, 40.67; H, 4.90; N, 4.31; 
found: C, 40.61; H, 4.09; N, 4.25. 
 




To a solution of H2muala (27.7 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in MeOH (5 
mL), Cu(CH3COO)2·H2O (20 mg, 0.1 mmol) in DMF (10 mL) was added. The reaction 
was stirred for 30 min and filtered. Green cubic crystals suitable for X-ray 
crystallographic analysis were obtained after 2 weeks. Yield: 50 mg, (67%). Anal. Calcd. 




To a solution of H3muser (29.3 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in MeOH (5 
mL), Cu(CH3COO)2·H2O (20 mg, 0.1 mmol) in DMF (5 mL) was added. The reaction 
was stirred for 30 min and filtered. Green precipitate formed after two days were 
collected, wash with ethanol, diethyl ether and then dried in vacuum. Yield: 45 mg, 
(54%). Anal. Calcd. for C28H40N2O19Cu2 (835.72): C, 40.24; H, 4.82; N, 3.35; found: C, 
40.91; H, 4.64; N, 3.36. 
 
[Ni7(mugly)6(OH)6Na6(H2O)6]×20H2O, IIIA-4 
To a solution of H2mugly (53.4 mg, 0.2 mmol) in NaOH (16 mg, 0.4 mmol) in MeOH (3 
mL), Ni(CH3COO)2·4H2O (50 mg, 0.2 mmol) in DMF (1 mL) was added. The reaction 
was stirred for 30 min and filtered. Green cubic crystal formed after three weeks were 
collected, wash with ethanol, diethyl ether and then dried in vacuum. Yield: 55 mg, 
(29%). Anal. Calcd. for C78H124N6O62Na6Ni7 (2686.64): C, 34.87; H, 4.50; N, 3.13; 
found: C, 35.42; H, 4.15; N, 3.33. 




To the H2muala (55.4 mg, 0.2 mmol) in NaOH (16 mg, 0.4 mmol) in methanol (3 mL), 
Ni(CH3COO)2·4H2O (50 mg, 0.2 mmol) in DMF (1 mL) was added. The reaction was 
stirred for 30 min and filtered. Green cubic crystal formed after three weeks were 
collected, wash with ethanol, diethyl ether and then dried in vacuum. Yield: 56 mg, 
(30%). Anal. Calcd. for C84H132N6O60Na6Ni7 (2626.68): C, 38.41; H, 4.60; N, 3.20; 
found: C, 38.71; H, 5.17; N, 3.67. 
 
[Ni7(Hmuser)6(OH)6Na6(H2O)6]×16H2O, IIIA-6 
To a solution of H3muser (58.6 mg, 0.2 mmol) in NaOH (16 mg, 0.4 mmol) in methanol 
(3 mL), Ni(CH3COO)2·4H2O (50 mg, 0.2 mmol) in DMF (1 mL) was added. The reaction 
was stirred for 30 min and filtered. Green precipitate was obtained when Et2O diffused 
into the solution mixture. The precipitate was washed with ethanol, diethyl ether and then 
dried in vacuum. Yield: 50 mg, (25%). Anal. Calcd. for C84H128N6O64Na6Ni7 (2794.73): 
C, 36.10; H, 4.62; N, 3.01; found: C, 35.48; H, 4.27; N, 4.65. 
 
 [{Ni4(mugly)4(H2O)2(m2-CH3COO)2}{K2(H2O)4(EtOH)2}]×H2O×EtOH, IIIA-7 
A solution of H2mugly (52.6 mg, 0.2 mmol), KOH (22.4 mg, 0.4 mmol) and 
Ni(CH3COO)2·4H2O (50.0 mg, 0.2 mmol) in H2O (1 mL) and EtOH (3 mL) was heated 
at 70°C in a Teflon-capped 20 mL scintillation vial for 1 day. Green cubic crystals were 
obtained after the solution mixture cooled down and left undisturbed for two days. Yield: 
30 mg, (34%). Anal. Calcd. for C60H82N4O36K2Ni4 (1748.29): C, 41.22; H, 4.73; N, 3.20; 
found: C, 41.11; H, 4.35; N, 3.34. 





To a solution of H2muala (55.4 mg, 0.2 mmol) in LiOH (9.6 mg, 0.4 mmol) in methanol 
(2 mL), Ni(CH3COO)2·4H2O (50 mg, 0.2 mmol) in DMF (10 mL) was added. The 
reaction was stirred for 30 min and filtered. Green cubic crystal formed after one month 
were collected, wash with ethanol, diethyl ether and then dried in vacuum. Water 
molecules were lost when vacuum dried. Yield: 49 mg, (41%). Anal. Calcd. for 
C39H47N3O21Ni5 (1187.28): C, 39.45; H, 3.99; N, 3.54; found: C, 40.82; H, 4.60; N, 3.95. 
 
[Zn(mugly)(H2O)]·0.5H2O IIIA-9 
To a solution of H2mugly (26.3 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in MeOH (5 
mL), Zn(CH3COO)2·2H2O (22 mg, 0.1 mmol) in DMF (5 mL) was added. The solid 
powder can be obtained by slow evaporation from solution mixture. Yield: 21 mg, (60%). 
Anal. Calcd. for ZnC13H14NO6.5 (353.65): C, 44.15; H, 3.99; N, 3.96; found: C, 44.78; H, 
4.14; N, 3.83. 1H NMR (d6-DMSO; ppm): d 7.37 (d, 1H, Ar), 6.59 (d, 1H, Ar), 5.84 (s, 
1H, Ar), 3.96 (s, 2H, -CH2NH), 3.56 (s, 2H, -NHCH2), 2.31 (s, 3H, -ArCH3). 
13C NMR 
(d6-DMSO; ppm): d 173.28 (-COOH), 171.66, 160.88, 154.24, 153.55, 124.79, 117.60, 
110.27, 105.88, 104.35 (Ar), 51.56 (-NHCH2), 42.94 (-CH2NH), 18.26 (-ArCH3).  
 
[Zn(muala)(H2O)]·0.5H2O, IIIA-10 
To a solution of H2muala (27.7 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in MeOH (10 
mL), Zn(CH3COO)2·2H2O (22 mg, 0.1 mmol) in DMF (10 mL) was added. The reaction 
was stirred for 30 min and filtered. Colourless crystals suitable for X-ray crystallographic 
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analysis were obtained after 2 weeks. Yield: 19 mg, (50%). Anal. Calcd. for 
ZnC14H16NO6.5 (367.65): C, 45.73; H, 4.39; N, 3.81; found: C, 46.21; H, 4.61; N, 3.88. 
1H NMR (d6-DMSO; ppm): d 7.38 (d, 1H, Ar), 6.57 (d, 1H, Ar), 5.85 (s, 1H, Ar), 3.98 (d, 
2H, -CH2NH), -NHCH2 (not detected due to overlapping with water), 2.31 (s, 3H, -
ArCH3), 1.19 (d, 3H, -CH3). 
13C NMR (d6-DMSO; ppm): d 176.63 (-COOH), 171.00, 
160.94, 154.27, 153.40, 124.77, 117.55, 110.56, 107.81, 106.21 (Ar), 58.85 (-NHCH), 
42.23 (-NHCH2), 22.71 (-ArCH3), 18.30 (-CH3).  
 
[Zn(Hmuser)(H2O)]·0.5H2O, IIIA-11 
To a solution of H3muser (29.3 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in MeOH (2 
mL), Zn(CH3COO)2·2H2O (22 mg, 0.1 mmol) in DMF (2 mL) was added. The reaction 
was stirred for 30 min and filtered. Colourless crystals suitable for X-ray crystallographic 
analysis were obtained after 2 weeks. Yield: 17 mg, (45%). Anal. Calcd. for 
ZnC14H15NO7 (374.67): C, 44.88; H, 4.04; N, 3.74; found: C, 44.21; H, 4.84; N, 3.88. 
1H 
NMR (d6-DMSO, ppm): d 7.38 (d, 1H, Ar), 6.62 (d, 1H, Ar), 5.85 (s, 1H, Ar), 3.99 (d, 
2H, -CH2NH), -NHCH2 and –CH2OH (not detected due to overlapping with water), 2.31 
(s, 3H, -ArCH3). 
13C NMR (d6-DMSO, ppm): d 173.95 (-COOH), 171.95, 161.22, 
154.60, 153.85, 125.34, 117.95, 110.63, 108.21, 106.47 (Ar), 66.03 (-CH2OH), 61.64 (-
NHCH), 39.90 (-NHCH2), 18.65 (-ArCH3).  
 
[Mg(mugly)(H2O)2]·0.5H2O, IIIA-12 
To a solution of H2mugly (52.4 mg, 0.2 mmol) in LiOH (9.6 mg, 0.4 mmol) in H2O (2 
mL), Mg(CH3COO)2·4H2O (42.8 mg, 0.2 mmol) in H2O (2 mL) was added. The reaction 
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was stirred for 30 min and filtered. The solid powder was obtained after slow evaporation 
of the solution. The solid were filtered, wash with ethanol, diethyl ether and then dried in 
vacuum. Yield: 30 mg, (45 %). Anal. Calcd. for MgC13H16NO7.5 (330.58): C, 47.23; H, 
4.88; N, 4.24; found: C, 47.00; H, 4.88; N, 4.11. 1H NMR (d6-DMSO, ppm): d 7.26 (d, 
1H, Ar), 6.34 (d, 1H, Ar), 5.68 (s, 1H, Ar), -CH2NH and -NHCH2 (not detected due to 
overlapping with water), 2.27 (s, 3H, -ArCH3).  
 
[Mg(muala)(H2O)(MeOH)0.5], IIIA-13 
To a solution of H2muala (54.5 mg, 0.2 mmol) in LiOH (9.6 mg, 0.4 mmol) in MeOH (5 
mL), Mg(CH3COO)2·4H2O (42.8 mg, 0.2 mmol) in MeOH (5 mL) was added. The 
reaction was stirred for 30 min and filtered. The solid powder was obtained after slow 
evaporation of the solution. The solid were filtered, wash with ethanol, diethyl ether and 
then dried in vacuum. Yield: 25 mg, (40 %). Anal. Calcd. for MgC14.5H17NO5.5 (312.19): 
C, 52.21; H, 5.14; N, 4.20; found: C, 52.21; H, 5.50; N 4.08. 1H NMR (D2O, ppm): d 
7.47 (d, 1H, Ar), 6.64 (d, 1H, Ar), 5.87 (s, 1H, Ar), 4.17 (d, 2H, -CH2NH), 3.52 (q, 1H, -
NHCH2), 2.32 (s, 3H, -ArCH3), 1.51 (d, 3H, -CH3).  
 
[Mg(Hmuser)(H2O)2]·1.5H2O, IIIA-14 
To a solution of H3muser (58.6 mg, 0.2 mmol) in LiOH (9.6 mg, 0.4 mmol) in H2O (2 
mL), Mg(CH3COO)2·4H2O (42.8 mg, 0.2 mmol) in H2O (2 mL) was added. The reaction 
was stirred for 30 min and filtered. The solid powder was obtained after slow evaporation 
of the solution. The solid were filtered, wash with ethanol, diethyl ether and then dried in 
vacuum. Yield: 39 mg, (51 %). Anal. Calcd. for MgC14H20NO9.5 (378.62): C, 44.41; H, 
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5.32; N, 3.70; found: C, 44.99; H, 5.26; N, 3.44. 1H NMR (D2O, ppm): d 7.29 (d, 1H, Ar), 
6.38 (d, 1H, Ar), 5.75 (s, 1H, Ar), -CH2OH, -CH2NH, -NHCH2 (not detected due to 
overlapping with water), 2.29 (s, 3H, -ArCH3). 
 
[Ca(mugly)(MeOH)]·0.5DMF, IIIA-15 
To a solution of H2mugly (26.2 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in H2O (2 
mL), Ca(NO3)2·4H2O (23.6 mg, 0.1 mmol) in DMF (4 mL) was added. The solid powder 
was obtained after slow evaporation of the solution. The solid were filtered, wash with 
ethanol, diethyl ether and then dried in vacuum. Yield: 10 mg, (40 %). Anal. Calcd. for 
CaC15.5H18.5N1.5O6.5 (369.91): C, 52.21; H, 5.14; N, 4.20; found: C, 51.34; H, 4.55; N, 
5.14. 1H NMR (d6-DMSO, ppm): d 7.37 (d, 1H, Ar), 6.43 (d, 1H, Ar), 5.82 (s, 1H, Ar), 




To a solution of H2muala (27.7 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in H2O (2 
mL), Ca(NO3)2·4H2O (24 mg, 0.1 mmol) in DMF (4 mL) was added. The solid powder 
was obtained after slow evaporation of the solution. The solid were filtered, wash with 
ethanol, diethyl ether and then dried in vacuum. Yield: 18 mg, (49 %). Anal. Calcd. for 
CaC14H18NO7.5 (360.38): C, 46.66; H, 5.03; N, 3.89; found: C, 46.60; H, 5.51; N, 4.34. 
1H NMR (d6-DMSO, ppm): d 7.30 (d, 1H, Ar), 6.32 (d, 1H, Ar), 5.77 (s, 1H, Ar), 4.04 (d, 
2H, -CH2NH), -NHCH2 (not detected due to overlapping with water, 2.27 (s, 3H, -
ArCH3), 1.29 (d, 3H, -CH3).  





To a solution of H3muser (29.3 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in H2O (2 
mL), Ca(NO3)2·4H2O (24 mg, 0.1 mmol) in methanol (5 mL) was added. The solid 
powder was obtained after slow evaporation of the solution. The solid were filtered, wash 
with ethanol, diethyl ether and then dried in vacuum. Yield: 22 mg, (60 %). Anal. Calcd. 
for CaC18H13NO8 (367.37): C, 45.77; H, 4.66; N, 3.81; found: C, 45.33; H, 4.50; N, 4.30. 
1H NMR (D2O, ppm): d 7.31 (d, 1H, Ar), 6.44 (d, 1H, Ar), 5.75 (s, 1H, Ar), -CH2OH, -
CH2NH, -NHCH2 (not detected due to overlapping with water), 2.28 (s, 3H, -ArCH3). 
 
3-D-3. Synthesis of hydrogels 
[Zn(mugly)(H2O)]·nH2O, IIIB-1 
To the H2mugly (26.3 mg, 0.1 mmol) in LiOH (4.8 mg, 0.2 mmol) in water (2 mL), 
Zn(CH3COO)2·2H2O (22 mg, 0.1 mmol) in water (2 mL) was added. The hydrogel IIIB-
1 was formed instantly. IR of freeze dried sample (cm-1): u(OH) 3433; u(NH) 3247; uas (COO-) 
1663; uas (COO-) 1575; u(CO) 1395. Refer IIIA-9 for other characterization details. 
  
[Mg(muala)(H2O)2]·nH2O, IIIC-1 
To the H2muala (54.5 mg, 0.2 mmol) in LiOH (10 mg, 0.4 mmol) in water (2 mL), 
Mg(CH3COO)2·4H2O (42.8 mg, 0.2 mmol) in water (2 mL) was added. The hydrogel is 
formed ~20 min upon standing in ambient temperature. IR for freeze dried sample (cm-1): 
u(OH) 3415; uas (COO-) 1697; uas (COO-) 1584; u(CO) 1396. Refer IIIA-13 for other 
characterization details. 




3-D-4. X-ray crystallography 
Details of crystal data and refinement parameters for III-a, III-b, IIIA-2, IIIA-4, IIIA-7, 
IIIA-8, IIIA-10 and IIIA-11 structure determinations are given in Appendix Table A2. 
All the non-hydrogen atoms were refined anisotropically. All the C-H hydrogen atoms 
were placed in their appropriate calculated positions using rising models while hydrogen 
atom of amine and water molecules were located. Complex IIIA-4 cannot be resolved 
unambiguously due to the disordered cations and solvents. The amount of lattice water 
molecules could not be determined absolutely due to its losing solvent nature. Ethanol 
waters in complex IIIA-7 were resolved in 0.5 occupancy. The solvent molecules in 
IIIA-8 were disordered. The DMF molecules were found to be 0.5 occupancy and lattice 
water were resolved in 0.25 and 0.75 occupancy. Lattice water in both complexes IIIA-







Coordination Polymers of Copper(II) Complexes of Reduced 
Schiff Base Ligands, N-(2-pyridylmethyl)-amino acids: 








The Cu(II) complexes of reduced Schiff base ligands formed between 
salicylaldehyde and amino acids have been extensively studied in our laboratory.41,42 It is 
of our interest to further explore the coordination chemistry of such ligand system by 
replacing the phenolic group with pyridyl substituent.67-71 Reduced Schiff base containing 
2-hydroxylbenzyl group has been regarded as a suitable model of pyridoxal have been 
studied extensively.10,11 However, the electronic distribution around the organic backbone 
of this ligand (H2Samin) is different from pyridoxal amino acid system. In this context, 
the electronic distribution of substituted pyridine ring (HPamin) is much similar to 
pyridoxal ring (Figure 4-1). The pyridine ring influences the basicity of the imine group 
and the electronic structure of the whole ligand is different from salicyaldehyde system. 
The NNO coordination model is quite common in the biological systems. Though many 
reports are available on Schiff bases and their reduced forms derived from salicyladehyde 
and amino acid, such ligand system with pyridine-2-aldehyde and amino acids are rather 


















Pyridoxal H2Samin HPamin  




In this chapter, the synthesis, structural and characterization of several Cu(II) 
complexes of N-(2-pyridylmethyl)-b-alanine (HPbal), N-(2-pyridylmethyl)-amino ethane 
sulfonic acid (HPae), N-(2-pyridylmethyl)-L-serine (H2Pser) and N-(2-pyridylmethyl)-L-
glutamic acid (H2Pglu) have been described. Driven by our recent results on the influence 
of sulfonate groups on the structures and catecholse activity,277 it is of our interest to 
further study such carboxylate and sulfonate donor group based on Schiff base and 
reduced Schiff base of Cu(II) complexes. Furthermore, reduced Schiff bases, H2Pser and 
H2Pglu containing -OH and –COOH groups have been synthesized and utilized for 
complexation with Cu(II) to evaluate the effect of additional functional groups in the 
amino acid side chain on the structure. These ligands are expected to coordinate the 
neighboring metal ions or form interesting hydrogen bonded structures in the solid state. 
Structural features of these complexes have been investigated to find coordination 
polymeric structures with extensive hydrogen bonding interactions.  
 
4-2. Results and Discussion 
4-2-1. Synthesis 
 
Figure 4-2 illustrates synthetic route of Schiff base and reduced Schiff base of N-
(2-pyridylmethyl)-amino acid ligands. The ligands were synthesized by the reduction of 
Schiff base formed between pyridine-2-aldehyde and corresponding amino acids. Owing 
to the hygroscopic nature, isolation of analytically pure ligand is not possible in our 




techniques. The Schiff base ligands were freshly prepared and directly employed for in 



















R = CH2CH2COOH; HPbal
    = CH2CH2SO3H; HPae
    = CH(CH2OH)COOH; H2Pser
    = CH(CH2CH2COOH)COOH; H2Pglu
H2N R
R = CH2CH2COOH; HPbals
    = CH2CH2SO3H; HPaes
 
Figure 4-2. Synthetic procedure of N-(2-pyridylmethyl)-amino acid ligands 
 
The Cu(II) complexes were synthesized from equimolar ratio of copper(II) 
perchlorate or copper(II) acetate with the corresponding ligands according to the 
procedures described in the experimental section. Several complexes have been 
synthesized, i.e. [Cu(Pbals)(H2O)2]×ClO4×H2O (IV-1), [Cu(Pbal)(ClO4)(H2O)] (IV-2), 
[Cu2(Paes)2(ClO4)2]×2H2O (IV-3), [Cu(Paes)2]×9H2O (IV-4), [Cu(Pae)(H2O)]ClO4×H2O 
(IV-5), [Cu(Pae)2]×2H2O (IV-6), [Cu(HPser)(H2O)]ClO4×3H2O (IV-7), [Cu(HPser)-
(CH3COO)] (IV-8) and [Cu(Pglu)]ClO4×H2O (IV-9). Single crystals of complex IV-5 can 
be obtained as [Cu(Pae)(DMF)(H2O)(ClO4)] (IV-5a) from methanol and DMF solution. 
Complexes IV-4 and IV-6 were synthesized from the metal-to-ligand ratio 1:2. All the 
complexes have been characterized by single crystal X-ray crystallography techniques 







4-2-2. Description of crystal structures 
4-2-2-1. [Cu(Pbals)(H2O)2]×ClO4×H2O, IV-1 
 
The asymmetric unit of IV-1 contains a Cu(II) center with slightly distorted 
octahedral geometry as illustrated in Figure 4-3. Octahedral geometry around copper ion 
is completed with Schiff base HPbals ligand in mer-fashion in the equatorial positions via 
coordination through pyridyl N (Cu1-N1, 2.004(2) Å), amine N (Cu1-N2, 1.967(2) Å), 
carboxylate O (Cu1-O1, 1.969(2) Å), neighboring carbonyl O (Cu1-O2, 1.976(2) Å) 
while two aqua ligands (Cu1-O2S, 2.639(3) Å and Cu1-O3S, 2.280(3) Å) occupy the 
axial sites. In this context, the C=N distance, 1.268(4) Å confirms the integrity of the 
Schiff base ligand. Furthermore, Cu1 is only deviate 0.082 Å from the C=N-C plane, in 
which confirms the planarity of the Schiff base complex. 
 
 
Figure 4-3. A perspective view of IV-1. The atoms with the extension ‘A’ are related by 
the symmetry -x, y+½, -z+½.  
 
The carboxylate group facilitated the formation of 1D coordination polymer via bridging 
the neighboring Cu(II) center. The connectivity of the copper center generated a 1D 




supported by hydrogen bonding between aqua ligand and carboxylate O (O2S-
H2SA¼O1). In this polymeric structure, IV-1 displays helical conformation in which 
both left and right handed helices are present in the lattice as shown in Figure 4-4a.  
Furthermore, both aqua ligands are involved in complementary hydrogen bonding 
interactions with adjacent carboxylate, lattice water and perchlorate anion. As shown in 
Figure 4-4b, aqua ligands are linked through lattice water molecules to form trimeric 
water cluster. According to the theoretical calculations, the water trimers are more stable 
in cyclic form with the average O¼O distances in the range of 2.799-2.927 Å.210, 278, 279 
However, the acyclic water trimer observed here is uncommon.185, 280 The hydrogen 
bonded O¼O distances are shorter (O3¼O1S, 2.752 Å; O1S¼O2S, 2.786 Å) and while 
O3¼O2S distance (3.794 Å) is more the sum of the van der Waals radii.183 The water 
trimer is bent in “L” shape with ÐO3-O1S-O2S angle of 86.5°. These water trimers are 
also linked the adjacent coordination polymeric chain as shown in Figure 4-4c. Table 4-1 
contains the selected hydrogen bond parameters of IV-1. Similar compound with 
different water content has been reported.281 
 
 
Table 4-1. Hydrogen bond distances (Å) and angles (°) for IV-1 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O1S-H1SA 0.76(3) 2.19(3) 2.924(3) 162(4) O2 x, ½-y, ½+z 
O1S-H1SB 0.77(3) 2.04(3) 2.786(4) 163(3) O2S -x, ½+y, ½-z 
O2S-H2SA 0.75(3) 2.05(3) 2.743(3) 154(3) O1 -x, ½+y, ½-z 
O3-H3A 0.75(3) 2.00(3) 2.752(4) 172(4) O1S x, -1+y, z 
O3-H3B 0.75(3) 2.32(3) 3.039(5) 160(4) O6 x, ½-y, ½+z 










Figure 4-4. (a) Left and right handed helical coordination polymeric chain in IV-1; (b) 
Polymeric chain of IV-1 showing the (H2O)3 cluster; (c) Hydrogen bonding interactions 




4-2-2-2. [Cu(Pbal)(ClO4)(H2O)], IV-2 
 
Figure 4-5 displays ball-and-stick diagram of IV-2. The reduced Schiff base of 
HPbal coordinates to the Cu(II) center via mer-fashion as in IV-1. The Cu(II) center 
adopts distorted octahedral geometry in which the pyridyl N (Cu1-N1, 1.983(3) Å) , 
amine N (Cu1-N2, 1.984(3) Å), carboxylate O (Cu1-O1, 1.953(2) Å) and neighboring 
carbonyl O (Cu1-O2, 1.955(2) Å) comprise the equatorial plane while aqua ligand  (Cu1-
O1S, 2.765(4) Å) and perchlorate O (Cu1-O6, 2.577(6) Å) occupy the axial positions. 
The C-N distance of 1.472(4) Å and Cu1 is positioned 1.417 Å away from the C-N-C 
plane confirm the reduction of C=N bond in the Schiff base ligand and non-planarity of 
the complex as compared to IV-1. It is noticeable that despite of non-coordinating nature 
of perchlorate anion, the perchlorate is loosely coordinated to the metal center in this case. 
This differs from the reported Cu(II) complex of HPala in which the perchlorate anion is 
non-coordinated atom but involved in weak N-H¼O hydrogen bonding and resulted 
highly ordered behavior of the anion in crystal lattice.69 
 
 
Figure 4-5. A perspective view of IV-2. The atoms with the extension ‘A’ are related by 




The metal center is connected to the carbonyl O of the neighboring ligand to form 
a 1D helical coordination polymer along b-axis. Similar to IV-1, both left and right 
handed helices are present in the crystal lattice. Figure 4-6a shows helicity in the 1D 
polymeric chain of IV-2. Along the strand, one of the hydrogen atoms for aqua ligand is 
involved in O-H¼O bonding with O2. The other hydrogen atom of aqua ligand and N-H 
proton are hydrogen bonded to an oxygen atom of the perchlorate ligand (Figure 4-6b). 
Since the perchlorate O atoms are disordered, their hydrogen bondings are not elaborated 
further. Table 4-2 summarizes the hydrogen bond parameters of IV-2.  
In this context, IV-1 and IV-2 are similar to each other in tridentate coordination 
and crystal packing. Both L and D helices are present in the crystal lattice in 
centrosymmetric space group P21/c. It is noted that both aqua ligands occupied axial 
positions in IV-1 while one of the aqua ligand is replaced by perchlorate anion in IV-2. 
This has resulted difference in hydrogen bonding interactions in both complexes. 
 
Table 4-2. Hydrogen bond distances (Å) and angles (°) for IV-2 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O1S-H1A 0.90(4) 2.01(4) 2.856(5) 157(4) O1 1-x, ½+y, ½-z 
O1S-H1B 0.91(5) 1.91(6) 2.701(7) 144(5) O4  
N2-H2A 0.92 2.32 3.010(1) 131 O3A  










Figure 4-6. (a) A portion of 1D coordination polymeric of IV-2. Perchlorate anions are 
omitted for clarity; (b) A portion of 2D hydrogen-bonded structure in IV-2 viewed along 
a-axis.   
 
 
4-2-2-3. [Cu2(Paes)2(ClO4)2]×2H2O, IV-3 
 
A ball-and-stick diagram of IV-3 is displayed in Figure 4-7. The asymmetric unit 
of dimeric IV-3 contains a Cu(II) center with distorted octahedral geometry. At Cu(II) 
center, the equatorial plane is occupied by pyridyl N (Cu1-N1, 2.016(2) Å), imine N 
(Cu1-N2, 1.969(2) Å), O from neighboring sulfonate group (Cu1-O3, 2.252(1) Å) and 




O1, 1.986(1) Å) and one of the O in the perchlorate anion (Cu1-O6, 2.566(2) Å). The 
bond parameters demonstrated the Schiff base characteristic of IV-3, in which C=N 
distance is 1.273(3) Å and Cu1 is only deviate 0.018 Å from the plane of C=N-C. 
 
Figure 4-7. A ball-and-stick diagram of IV-3. The atoms with the extension ‘A’ are 
related by the symmetry -x+½, -y+3/2, -z. 
 
Though the chain length of HPbals and HPaes ligands are comparable, the 
carboxylate and sulfonate functional group have resulted significant difference in 
coordination nature. Differing from the carboxylate donor group displaying 1D 
coordination polymer in IV-1, sulfonate group gave rise to a discrete dinuclear structure 
in IV-3. The dinuclear core forms an interesting eight membered ring consisting of Cu1, 
O1, S1, O3, Cu1A, O1A, S1A and O3A with Cu¼Cu non-bonded distance of 4.575 Å. 
This observation is similar to reported Cu(II) complexes of Schiff base51 and reduced 
Schiff base ligands containing phenolate groups.61 
Complementary hydrogen bondings between the hydrogen atoms of aqua ligand 




hydrogen-bonded network in the bc-plane. Figure 4-8 displays the packing of IV-3 
showing a portion of 2D grid formed by hydrogen-bonded interactions. It can be clearly 
seen that there are two types of grid with different size and shape. Hydrogen bond 
parameters in IV-3 are tabulated in Table 4-3.  
 
 
Figure 4-8. A portion of 2D grid hydrogen bonded network in IV-3 
 
Table 4-3. Hydrogen bond distances (Å) and angles (°) for IV-3 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O4-H1O 0.78(4) 2.01(4) 2.728(4) 154(4) O8A x, 1-y, -½+z 








4-2-2-4. [Cu(Pae)(DMF)(H2O)]×ClO4, IV-5a 
 
A perspective view of IV-5a is shown in Figure 4-9. In this complex, the Pae 
ligand displays fac-geometry which is different from other structures (IV-1 to IV-3). The 
Cu(II) center has octahedral geometry with pyridyl N (Cu1-N1, 1.987(3) Å), amine N 
(Cu1-N2, 2.014(3) Å), O atom of DMF molecule (Cu1-O5, 1.957(2) Å) and aqua ligand 
(Cu1-O4, 2.026(2) Å) constitute the equatorial plane while the axial positions are 
occupied by sulfonate O (Cu1-O1, 2.327(2) Å) and another sulfonate O from neighboring 
molecule (Cu1-O3, 2.467(2) Å). In this case, the DMF molecule is involved in 
coordination through amide O. In contrast to planar Schiff base complex of IV-3, IV-5a 
has been found as non-planar in which Cu1 is deviated 1.526 Å from the C-N-C plane 
and the C-N distance is 1.480(4) Å. 
 
 
Figure 4-9. Ball-and-stick diagram of IV-5a. Perchlorate anion is omitted for clarity. The 




The sulfonate O bridges the neighboring Cu(II) atom and forms 1D coordination 
polymer along b-axis as shown in Figure 4-10a. Notably, the oxygen atom of the 
perchlorate anions are involved in hydrogen bonding to N-H proton (N2-H2N¼O8), 
which leads to highly ordered behavior in crystal lattice. The perchlorates are arranged 
close to the polymeric strand by intermolecular hydrogen bonds. This observation is quite 
similar to the reported Cu(II) complex of Pala in which two oxygen atoms of the 
perchorate are weakly hydrogen bonded to the N-H proton.69 Interestingly, the aqua 
ligands O4 are hydrogen bonded to sulfonate O2 and linked the 1D coordination 
polymeric strands as displayed in Figure 4-10b. Hence, IV-5a furnished a 2D hydrogen-
bonded ladder structure. Recently, a 2D coordination polymer of Cu(II) Pae and azide has 
been reported.63 Table 4-4 contains selected hydrogen bond parameters of IV-5a. 
 
Table 4-4. Hydrogen bond distances (Å) and angles (°) for IV-5a 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N2-H2N 0.91(3) 2.30(3) 3.109(4) 149(3) O8  
O4-H4A 0.88(2) 1.91(2) 2.773(3) 171(3) O2 3/2-x, ½+y, 3/2-z 












Figure 4-10. (a) A portion of 1D coordination polymer of IV-5a showing intermolecular 
interactions; (b) Hydrogen bondings between polymeric chains in IV-5a.  
 
4-2-2-5. [Cu(Pae)2]×2H2O, IV-6 
 
A ball-and-stick diagram of IV-6 is presented in Figure 4-11. Complex IV-6 is a 
centrosymmetric monomer with two Pae ligands coordinated to one Cu(II) center. The 
tridentate ligands constitute an octahedral geometry at the Cu(II) center. The amine N 
(Cu1-N2, 2.036(3) Å) and pyridyl N (Cu1-N1, 2.037(3) Å) atoms are in the equatorial 
position while sulfonate O (Cu1-O1, 2.393(2) Å) atoms occupied the axial positions. 




1.484(4) Å and Cu1 deviates 1.572 Å from C-N-C plane. A crystallographic inversion 
center is present at the central metal atom. 
 
 
Figure 4-11. A perspective view of IV-6. The atoms with the extension ‘A’ are related 
by the symmetry -x+1, -y, -z+1.      
 
In the course of this study, similar anhydrous Co(Pae)2
64 and Ni(Pae)2
65  
complexes have been reported. Nonetheless, it is worth noted that the presence of water 
molecules in the crystal lattice has resulted interesting hydrogen bonding connectivity. 
Though IV-6 is a mononuclear complex, intermolecular hydrogen bonds between 
sulfonate, amine and lattice water molecules have facilitated the formation 2D hydrogen-
bonded network structure. Figure 4-12 displays a portion of packing diagram of IV-6 in 
bc-plane. It is noted that four lattice water molecules exhibit an interesting chain-like 
(H2O)4 water cluster. The water clusters are held firmly by hydrogen bondings to 
sulfonate O atoms. Both theoretical210 and experimental214, 215 studies indicate that 
quasiplanar cyclic tetrameric water clusters are favorable. Nonetheless, chain282, 283 and 





Figure 4-12. Hydrogen bonded 2D sheet structure of IV-6 in bc-plane. 
 
Table 4-5. Hydrogen bond distances (Å) and angles (°) for IV-6 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
N2-H2 0.92 2.03 2.880(4) 153 O3 1-x, -½+y, ½-z 
O1S-H1SA 0.92(4) 1.87(5) 2.754(6) 161(5) O3  
O1S-H1SB 0.92(5) 2.20(6) 2.911(8) 133(5) O1S 1-x, 1-y, 1-z 
O1S-H1SB 0.92(5) 2.24(5) 3.008(6) 140(5) O3 1-x, 1-y, 1-z 
O2S-H2SA 0.90(5) 1.91(4) 2.730(7) 151(5) O1S 1-x, 1-y, 1-z 
O2S-H2SB 0.90(4) 2.02(5) 2.910(5) 170(5) O2  
 
4-2-2-6. [Cu(HPser)(CH3COO)], IV-8 
 
A perspective view of IV-8 is shown in Figure 4-13. The complex IV-8 displays 
distorted square pyramidal geometry at Cu(II) center (t = 0.19)182 which is different from 




square pyramidal is occupied by pyridyl N (Cu1-N1, 2.012(2) Å), amine N (Cu1-N2, 
1.985(3) Å), carboxylate O (Cu1-O2, 1.967(2) Å) and O atom of acetate anion (Cu1-O4, 
1.939(2) Å). The apical site is occupied by another O atom of acetate anion from 
neighboring molecule (Cu1-O5, 2.272(2) Å).  
 
 
Figure 4-13. A perspective view of IV-8. The atoms with the extension ‘A’ are related 
by the symmetry x-1, y, z.  
 
In this context, instead of weakly coordinating perchorate anion, the acetate anion 
is coordinated strongly to Cu(II) center. Furthermore, the acetate bridges the neighboring 
metal center to facilitate 1D coordination polymer. The acetate anions bridge the Cu(II) 
through equatorial and axial positions alternatively. This finding is similar to the 
previously reported [Cu(Pala)(CH3COO)]×1.5H2O.71 Figure 4-14a illustrates a portion of 
1D coordination polymer in IV-8 propagating along a-axis. Unlike the complexes IV-1 
and IV-2 which display 1D helical coordination polymeric structure, IV-8 is arranged in 




is hydrogen bonded to the neighboring carboxylate group. Furthermore, the hydrogen 
atom of amine group is interacted with the carboxylate group also. Hence, IV-8 
established a 2D hydrogen-bonded network in ab-plane as shown in Figure 4-14b. In 
short, IV-8 is a 1D coordination polymer extended to 2D supramolecular network 
through complementary hydrogen bonding interactions. Table 4-6 summarizes the 






Figure 4-14. (a) A segment of the 1D coordination polymeric structure in IV-8 along a-
axis; (b) Packing diagram of IV-8 viewed from c-axis. All C-H hydrogen atoms are 




Table 4-6. Hydrogen bond distances (Å) and angles (°) for IV-8 
 
D-H d(D¼H) d(H¼A) d(D¼A) ÐDHA A Symmetry 
O1-H1 0.83 1.91 2.724(3) 169 O2 1-x, -½+y, ½-z 
N2-H2N 0.76(3) 2.54(3) 2.895(4) 111(3) O1  
N2-H2N 0.76(3) 2.27(3) 2.920(4) 144(3) O3 1-x, -½+y, ½-z 
 
4-2-3. Infrared studies 
 
Selected IR bands for the complexes IV-1 to IV-9 are tabulated in Table 2-7. The 
IR spectral data of all the complexes except IV-8 show a broad absorption band in the 
range of 3400 cm-1 indicate the presence of water molecules. No broad peak can be 
observed for IV-8 in the same region suggesting the absence of water molecules in the 
structure and which is reflected in crystal structure analysis. The C=N stretching 
frequencies are observed around 1620 and 1651 cm-1 in IV-1, IV-3 and IV-4 respectively 
indicate characteristic bands due to Schiff base ligand. On the contrary, in complexes IV-
2, IV-5 to IV-9, sharp peaks observed ~3200 cm-1 are corresponding to the absorption of 
N-H bond.187 These results further confirmed the reduction of C=N bond in the ligand.  
The absorption bands found in IV-3 to IV-6 in the range of 1034-1386 cm-1 are 
attributed to the fundamental and split u3 S-O stretching modes.285 Whereas, the 
absorption band in the region 1585-1617 cm-1 corresponds to the asymmetric vibration of 
carboxylate group [uas(COO-)]. The band in the region 1400-1446 cm-1 is due to the 
symmetric stretching vibration of carboxylate group [us(COO-)]. In this context, the Du 
values observed in IV-1, IV-2, IV-7 to IV-9 are lower than 200 cm-1, suggesting the 




Though we could not determine the crystal structures of IV-4, IV-7 and IV-9, 
structures of these complexes are deduced based on IR and elemental data. Complex IV-4 
is assumed to be a neutral Cu(II) Schiff base complex, while complexes  IV-7 and IV-9 
are 1D coordination polymer bridging by carbonyl oxygen. It is noticeable that the Du 
value found in IV-9 is slightly higher than 200 cm-1 which may be attributed to the 
additional carboxylate group in amino acid side chain not involved in bridging the metal 
center. On the other hand, the strong peaks at 1142, 1115 and 1090 cm-1 in all the 
complexes except IV-4, IV-6 and IV-8 further confirmed the presence of perchlorate.187  
 
Table 4-7. IR spectral data of IV-1 to IV-9 
 
Complex u(OH) u(NH) C=N uas(COO-) us(COO-) Du 
IV-1 3455 -- 1620 1585 1443 142 
IV-2 3518 3249 -- 1617 1445 172 
IV-3 3470 -- 1651 1386, 1072a -- 
IV-4 3435 -- 1647 1222, 1147, 1037a -- 
IV-5 3449 3227 -- 1233, 1178, 1050a -- 
IV-6 3464 3252 -- 1231, 1157, 1034a -- 
IV-7 3429 3250 -- 1590 1422 168 
IV-8 3477 3278 -- 1603 1446 157 
IV-9 3437 3240 -- 1612 1400 212 
[a]: absorption frequencies of SO3
- 
   
4-2-4. UV-vis absorption studies 
 
Electronic spectra of the complexes in both solution and nujol mull are given in 
Table 4-8. The absorption spectra of IV-1 to IV-7 were recorded in methanol solution 




solid-state electronic spectra were recorded in nujol mull.  The absorption bands observed 
in the range of 670-703 nm are attributed to d-d transition. Strong absorption bands at 
254-289 nm are corresponding to O ® Cu LMCT. The N ® Cu LMCT, which usually 
around 350 nm was not observed due to the overlapping with strong and broad O ® Cu 
peak.188 The electronic spectra of all complexes do not differ much in solution and nujol 
mull, suggesting that the coordination and geometry of complexes observed in solid state 
are retained in solution. Nonetheless, LMCT bands are broad in nujol mull spectra. 
 
Table 4-8. UV-vis data of IV-1 to IV-9 
 
Complex Absorption bands 
 (Methanol or water) (Nujol) 
 d-d (e)a LMCT d-d LMCT 
IV-1 703 (90) 289 (1550) 679 295 
IV-2 693 (60) 256 (4760) 723 251 
IV-3 692 (290) 287 (16210) 704 292 
IV-4 687 (435) 280 (10186) 692 292 
IV-5 700 (55) 257 (5920) 692 254 
IV-6 692 (80) 260 (390) 650 256 
IV-7 680 (100) 253 (6475) 666 270 
IV-8 670 (60) 286 (825) 696 280 
IV-9 681 (60) 254 (4560) 678 283 








4-2-5. Thermogravimetric and ESI-MS studies 
 
 Thermogravimetric data for IV-1 to IV-9 are displayed in Table 4-9. Due to the 
presence of perchlorates, all the complexes were heated only up to 200°C. In IV-1, the 
weight loss of 4.9% (calculated 4.8%) in the temperature range 117-160°C corresponds 
to the loss of an aqua ligand. This finding suggests that the lattice water and one of the 
aqua ligand were lost upon decantation and the same was observed in elemental analysis. 
TG analysis of 1V-2 showed the weight loss of 5.0% (calculated 5.0%) agrees well with 
the loss of one water molecules. Similarly, weight loss of 4.9% (calculated 4.6%), 3.7% 
(calculated 3.5%) and 8.4% (calculated 8.7%) corresponding to two, one and two water 
molecules in IV-3, IV-4 and IV-5. The weight loss of only one water molecule IV-4 may 
be due to loss of solvent during drying process. TG weight loss of 7.6% (calculated 6.8%) 
agrees well with the loss of two water molecules in IV-6. 
 In the absence of crystal structures, elemental and TG data have been utilized for 
structure elucidation of IV-4, IV-7 and IV-9. Weight loss 14.0% (calculated 16.8%) of 
IV-7 in the temperature range of 28-146 °C suggests the presence of an aqua ligand and 
three lattice water molecules. TG analysis of IV-9 showed weight loss of 4.7% 
(calculated 4.3%) in the temperature range of 31-113 °C reflects the existence of one 
water molecule in the crystal lattice. Based on elemental, thermal and infrared results, the 









Table 4-9. TG data of IV-1 to IV-9 
 
Complex No. of H2O Dehydration temp. (°C) Wt. loss (%)a 
IV-1 1 H2O 117-160 4.9 (4.8) 
IV-2 1 H2O 86-149 5.0 (5.0) 
IV-3 2 H2O 85-138 4.9 (4.6) 
IV-4 1 H2O 30-114 3.7 (3.5) 
IV-5 2 H2O 31-141 8.4 (8.7) 
IV-6 2 H2O 90-119 7.6 (6.8) 
IV-8 4 H2O 28-146 14.0 (16.8) 
IV-9 1 H2O 31-113 4.7 (4.3) 
          [a]: calculated % weight loss is given in parenthesis. All the complexes were  































       
Figure 4-15. Schematic proposed structure of (a) IV-4; (b) IV-7; (c) IV-9.  
 
The ESI-MS spectra data has been analyzed to investigate the structural behavior 
of complexes IV-1 to IV-9 in methanol solution. The major peaks of the complexes were 
assigned and tabulated in Table 2.9. Generally, these complexes were found to exist in 






Table 4-10. ESI-MS data of IV-1 to IV-9 
 
Complex Principal molecular species (m/z, % peak heighta) 
IV-1 [Cu(Pbals)]+ (240.8, 10); [Cu(Pbals)(H2O)2]
+ (271.8, 38); 
[Cu2(Pbals)]
+ (303.9, 100) 
IV-2 [Cu(Pbal)]+ (241.8, 50); [Cu(Pbal)(CH3OH)]
+ (273.7, 100); 
[Cu2(Pbal)2]
+ (485.0, 26) 
IV-3 [Cu(Paes)(CH3OH)]
+ (307.8, 100); [Cu(Paes)(H2O)Na]
+ (353.9, 
40); [Cu(Paes)(CH3OH)(H2O)3]
+ (362.0, 18) 
IV-4 [Cu(Paes)2Na]
+ (512.0, 100); [Cu(Paes)2(CH3OH)3(H2O)5]
+ (675.9, 
94); [Cu(Paes)2(CH3OH)7(H2O)3]
+ (766.9, 70) 
IV-5 [Cu(Pae)(CH3OH)]
+ (309.6, 100) 
IV-6 [Cu(Pae)]+ (278.0, 10); [Cu(Pae)(CH3OH)]
+ (309.6, 100); 
[Cu(Pae)(CH3OH)Na]




+ (289.7, 100); [Cu(Pser)(H2O)Na]
+ (335.7, 32) 
IV-8 [Cu(Pser)(CH3OH)]
+ (289.7, 100); [Cu(Pser)(CH3OH)2(H2O)]
+ 
(339.7, 96); [Cu2(Pser)2(H2O)Na]
+ (575.0, 50) 
IV-9 [Cu(Pglu)(CH3OH)]
+ (331.9, 30); [Cu2(Pglu)2Na]
+ (622.5, 100); 
[Cu2(Pglu)2(H2O)Na]
+ (639.5, 90); [Cu2(Pglu)2(CH3OH)(H2O)3]
+ 
(683.6, 78); [Cu2(Pglu)2(CH3OH)4]
+ (727.5, 70) 




In this chapter, a series of reduced Schiff base ligands of N-(2-pyridylmethyl)-
amino acid has been synthesized from pyridine-2-aldehyde and various amino acids. The 
Cu(II) complexes of HPbal, HPae, H2Pser and H2Pglu have been synthesized and 




IV-7 and IV-9. Structural investigations of these complexes have revealed the formation 
of 1D coordination polymeric structures. More importantly, the presence of hydrogen 
bond functionalities in the ligands, solvents and anions have facilitated the occurrence of 
multidimensional supramolecular networks.  
The influence of carboxylate and sulfonate groups in complexes IV-1 to IV-3 and 
IV-5 has been investigated. In IV-1 and IV-2, the tridentate ligand is coordinated in mer 
conformation and the carbonyl oxygen in the carboxylate group bridged the neighboring 
metal centers to form 1D helical coordination polymers. Both left and right handed 
helices are present in the lattice. Remarkably, the coordination of Cu(II) complexes with 
HPaes (IV-3) and HPae (IV-5a) were found to be entirely different. Complex IV-3 
furnished a eight-membered dicopper center with the sulfonate group bridging the Cu(II) 
atoms whereas IV-5a possessed 1D coordination polymeric structure. This is attributed to 
the fact that the reduction of rigid C=N bond has resulted to flexible backbone properties 
to the ligand which may be responsible for the construction of coordination polymer.  
 Additional reactive donor groups such as –CH2OH and –CH2CH2COOH have 
been incorporated in the amino acid side arm to further enhance the binding mode of this 
ligand system. Complex IV-8 has 1D coordination polymeric structure which further 
extended to 2D hydrogen-bonded structure through hydroxyl group. Though we could not 
obtain single crystals of IV-9, it is likely that the complex displays coordination 
polymeric structure.  
In summary, N-(2-pyridylmethyl)-amino acids have been demonstrated as 




bonding motifs. Figure 4-16 illustrates various 1D coordination polymers of Cu(II) 
complexes of N-(2-pyridylmethyl)-amino acid ligands.  
 
 




4-4-1. Synthesis of ligands 
All the ligands have been synthesized by Mannich condensation of pyridine-2-aldehyde 
and the corresponding amino acids following by reduction of C=N bond. Exact yield and 
consistent elemental analysis results could not be obtained due to the presence of acetic 
acid and hygroscopic nature of the ligand. Nonetheless, all the ligands have been 
characterized by 1H NMR and 13C NMR to elucidate the chemical structure.  
 
N-(2-pyridylmethyl)-β-alanine, HPbal 
Pyridine-2-aldehyde (1.07 g, 10 mmol) in MeOH (10 mL) was added to a solution of β-




yellow solution was stirred for 30 min at room temperature prior to cooling in ice bath. 
NaBH4 (0.45 g, 12 mmol) was added to reduce the intermediate Schiff base. The solution 
was stirred for another one hour before acidified with acetic acid to pH 4. Then the 
solvent was evaporated to dryness and methanol was added to extract the product. Excess 
of Et2O was added to get the yellowish precipitate. The precipitate was filtered under 
nitrogen and dried under vacuum. 1H NMR (D2O, ppm): d 8.58 (d, 1H, Py), 7.91 (dt, 2H, 
Py), 7.45-7.54 (m, 2H, Py), 4.39 (s, 2H, -CH2NH), 3.30 (t, 2H, -NHCH2), 2.61 (t, 2H, -
CH2COOH). 
13C NMR (D2O, ppm): d 180.61 (-COOH), 152.84, 152.1, 141.20, 127.19, 
126.78 (Py), 53.63 (-CH2NH), 47.00 (-CH2NH), 34.94 (-CH2COOH). 
 
N-(2-pyridylmethyl)-amino ethane sulfonic acid, HPae 
1H NMR (D2O, ppm): d 8.63 (d, 1H, Py), 7.95 (dt, 2H, Py), 7.49-7.57 (m, 2H, Py), 4.45 
(s, 2H, -CH2NH), 3.56 (t, 2H, -CH2SO3H), 3.35 (t, 2H, -NHCH2). 
13C NMR (D2O, ppm): 




1H NMR (D2O, ppm): d 8.47 (d, 1H, Py), 7.83 (dt, 1H, Py), 7.34-7.43 (m, 2H, Py), 4.32 
(q, 2H, -CH2NH), 3.92 (d, 2H, -CH2OH), 3.85 (t, 1H, -CHCOOH). 
13C NMR (D2O,ppm): 
d 171.64 (-COOH), 150.49, 149.16, 138.35, 124.27, 124.03 (Py), 63.11 (-CHCOOH), 







N-(2-pyridylmethyl)-L-glutamic acid, H2Pglu 
1H NMR (D2O, ppm): d 8.57 (d, 2H, Py), 7.92 (t, 1H, Py), 7.35-7.54 (m, 2H, Py), 4.25 (q, 
2H, -CH2NH), 3.57 (t, 1H, -NHCH), 2.36 (t, 2H, -CH2COOH), 2.07 (t, 2H, -CHCH2). 
13C 
NMR (D2O, ppm): d 182.03, 181.40, (-COOH), 154.97, 148.69, 138.21, 123.44, 123.39, 
(Py), 62.90 (-CHCOOH), 51.52 (-CH2NH), 33.94 (-CH2COOH), 28.30 (-CHCH2).  
 
4-4-2. Synthesis of complexes 
Caution! Perchlorate salts of potentially are potentially explosive. Care must be exercised 
while handling although we have not experienced any unpleasant situation.   
 
[Cu(Pbals)(H2O)2]ClO4×H2O, IV-1 
Pyridine-2-aldehyde (0.054 g, 0.5 mmol) in MeOH (2 mL) was added to a solution of β-
alanine (0.045 g, 0.5 mmol) in H2O (2 mL) containing NaOH (0.02 g, 0.5 mmol). The 
yellow solution was stirred for 30 min. Copper perchlorate hexahydrate (0.185 g, 0.5 
mmol) in MeOH (2 mL) was added to the solution to facilitate in situ complexation. The 
mixture was stirred for 30 min and filtered. The block-like blue crystals were obtained 
from the filtrate and then dried in air. Yield: 0.13 g, (74%). Anal. Calcd. for 
C9H11N2O7ClCu (358.19): C, 30.18; H, 3.10; N, 7.82; found: C, 30.66; H, 3.18; N, 7.57.  
 
[Cu(Pbal)(ClO4)(H2O)], IV-2 
To a solution of Hpbal (0.09 g, 0.5 mmol) in MeOH (5 mL), Cu(ClO4)2.6H2O (0.185 g, 
0.5 mmol) in MeOH (5 mL) was added. The mixture was stirred for 30 min and filtered. 




g, (25%). Anal. Calcd for C9H13N2O8ClCu (376.21): C, 28.73; H, 3.48; N, 7.45; found: C, 
28.31; H, 3.52; N, 7.30.  
 
[Cu2(Paes)2(ClO4)2]×2H2O, IV-3 
Pyridine-2-aldehyde (0.054 g, 0.5 mmol) in MeOH (2 mL) was added to a solution of 
amino ethane sulfonic acid (0.063 g, 0.5 mmol) in H2O (2 mL) containing NaOH (0.02 g, 
0.5 mmol). The yellow solution was stirred for 30 min. Copper perchlorate hexahydrate 
(0.185 g, 0.5 mmol) in MeOH (2 mL) was added to the solution to facilitate in situ 
complexation. The mixture was stirred for 30 min and filtered. Vapor diffusion of Et2O 
into the filtrate afforded rod-like green crystals. Yield: 0.14 g, (35%). Anal. Calcd. for 
C16H22N4S2O16Cl2Cu2 (788.50): C, 24.37; H, 2.81; N, 7.11; S, 8.13; found: C, 24.18; H, 
2.62; N, 6.91; S, 7.97.  
 
[Cu(Paes)2]×9H2O, IV-4 
Pyridine-2-aldehyde (0.054 g, 0.5 mmol) in MeOH (2 mL) was added to a solution of 
amino ethane sulfonic acid (0.063 g, 0.5 mmol) in H2O (2 mL) containing NaOH (0.02 g, 
0.5 mmol). The yellow solution was stirred for 30 min. Copper perchlorate hexahydrate 
(0.093 g, 0.25 mmol) in MeOH (2 mL) was added to the solution to facilitate in situ 
complexation. The mixture was stirred for 30 min and filtered. Vapor diffusion of Et2O 
into the filtrate afforded green precipitate. Yield: 0.13 g, (20%). Anal. Calcd. for 
C16H38N4S2O15Cu (654.17): C, 29.38; H, 5.86; N, 8.56; S, 9.80; found: C, 29.56; H, 3.40; 






To a solution of Hpae (0.11 g, 0.5 mmol) in MeOH (3 mL), Cu(ClO4)2.6H2O (0.185 g, 
0.5 mmol) in MeOH (3 mL) was added. The blue precipitate obtained after stirring for 
one hour was filtered off, wash with MeOH (2mL), Et2O (10 mL) and then dried under 
vacuum. Yield: 0.16 g, (70%). Anal. Calcd. for C8H15N2S2O9ClCu (414.28): C, 23.19; H, 
3.65; N, 6.76; S, 7.74; found: C, 23.92; H, 3.39; N, 6.85; S, 7.50. 
Single crystal of IV-5 can be obtained as [Cu(pae)(DMF)(H2O)]×ClO4 IV-5a by slow 
evaporation of the reaction mixture from methanol and DMF mixture. Anal. Calcd. for 
C11H18N3SO8ClCu (469.36): C, 28.15; H, 4.29; N, 8.95; S, 6.33; found: C, 27.93; H, 4.32; 
N, 8.76; S, 6.88. 
 
[Cu(Pae)2]×2H2O, IV-6 
To a solution of Hpae (0.22 g, 1.0 mmol) in MeOH (6 mL), Cu(CH3COO)2.H2O (0.10 g, 
0.5 mmol) in H2O (3 mL) was added. The mixture was stirred for 30 min and filtered. 
Block-like blue crystals were obtained from the filtrate by slow evaporation. Yield: 0.09 
g, (32%). Anal. Calcd. for C16H26N4O8S2Cu (530.08): C, 36.25; H, 4.94; N, 10.57; found: 
C, 36.13; H, 4.60; N, 10.54.  
 
[Cu(HPser)(H2O)]ClO4×3H2O, IV-7 
To a solution of H2pser (0.10 g, 0.5 mmol) in MeOH (4 mL), Cu(ClO4)2.6H2O (0.185 g, 
0.5 mmol) in MeOH (4 mL) was added. The blue product obtained after stirring for one 
hour was filtered off, wash with MeOH (2mL), Et2O (10 mL) and then dried under 
vacuum. Yield: 0.07 g, (33%). Anal. Calcd. for C9H19N2O11ClCu (430.26): C, 25.12; H, 





To a solution of H2pser (0.10 g, 0.5 mmol) in MeOH (4 mL), Cu(CH3COO)2.H2O (0.10 g, 
0.5 mmol) in H2O (2 mL) was added. The mixture was stirred for 30 min and filtered. 
Blue needle-like crystals were obtained from the filtrate by slow evaporation. Yield: 0.07 
g, (44%). Anal. Calcd. for C11H14N2O5Cu (317.79): C, 41.57; H, 4.44; N, 8.82; found: C, 
41.14; H, 4.19; N, 8.94.  
 
[Cu(Pglu)]ClO4×H2O, IV-9 
To a solution of H2pglu (0.12 g, 0.5 mmol) in MeOH (6 mL), Cu(ClO4)2.6H2O (0.185 g, 
0.5 mmol) in MeOH (4 mL) was added. The blue product obtained after stirring for one 
hour was filtered off, wash with MeOH (2mL), Et2O (10 mL) and then dried under 
vacuum. Yield: 0.10 g, (48%). Anal. Calcd. for C11H15N2O9ClCu (418.25): C, 31.59; H, 
3.61; N, 6.70; found: C, 31.12; H, 3.60; N, 5.87. 
 
4-4-3. X-ray crystallography 
Details of crystal data and refinement parameters for IV-1 to IV-3, IV-5a, IV-6 and IV-8 
structure determination are shown in Appendix Table A3. All the non-hydrogen atoms 
except the oxygen of the perchlorate were refined anisotropically. Soft constraint option 
SADI was used to make Cl-O distances in the perchlorate anions equal. In IV-1, IV-3 
and IV-5, all the oxygen atoms of perchlorate anions were resolved with full occupancy. 
In IV-3, the disordered oxygen atoms in perchlorate anion were resolved in 0.5 





Chapter 5 Conclusion and Future Work 
 
5-1. Summary of the present work 
 
In this research work, supramolecular chemistry of metal complexes of amino 
acid derivatives has been explored for rational design of crystalline and amorphous gel 
materials. Three types of amino acid ligands i.e. 4-methylumbelliferone-8-
methyleneiminodiacetic acid (A), N-(7-hydroxy-4-methyl-8-coumarinyl)-amino acid (B) 
and N-(2-pyridylmethyl)-amino acid (C) have been employed for the complexation with 
various divalent metal ions. Both crystalline and amorphous gel materials have been 
synthesized and characterized to understand their properties for potential applications.  
The coordination chemistry of transition and main group complexes of Calcein 
Blue (or ligand A) has been explored. The structural investigations revealed that A 
coordinated to metal(II) through tetradentate mode and the complexes manifest diverse 
and interesting supramolecular architectures as mononuclear, ion pair and coordination 
polymers. The Cu(II) and Ni(II) complexes display mononuclear structure while Co(II), 
Mn(II), Mg(II) and Zn(II) complexes exhibit as ion-pair complexes. Moreover, by simple 
variation of reactant ratio, ion-pair coordination polymers of Co(II) and Mn(II) have been 
obtained. These multidimensional supramolecular network structures are owing to the 
presence of various hydrogen bonding functionalities and aromatic rings. In addition, 
both hydrogen bonding and p-p interactions have been shown to facilitate the formation 
of ion-pair complexes, in which the anionic moieties fabricated 3D porous channels 




cavities. It is also noticeable that the self-assembly of Co(II) complexes has exemplified 
interesting examples of one-pot crystallization and pseudosupramolecular isomerism. 
Solid-state fluorescence studies indicate that transition metals quench the fluorescence 
properties of A while alkali earth and post transition metal complexes of A exhibit strong 
blue emission.  
Intriguing findings on metal complexes of A have motivated us to explore the 
chemistry of Mannich bases of coumarin derivatized amino acid ligands (ligand B). 
Investigation of metal complexes including Cu(II), Ni(II), Zn(II), Mg(II) and Ca(II) of B 
have led to some striking and unprecedented findings. Both crystalline and amorphous 
gel-phase materials can be obtained by the interplay of metal ions and solvents in 
crystallization. Crystalline solids of Cu(II), Ni(II) and Zn(II) have been demonstrated as 
coordination polymers and metal aggregates. The Cu(II) complexes display coordination 
polymeric structures with dinuclear unit as building blocks. The phenoxo groups bridge 
the two Cu(II) ions to form a Cu2O2 ring with Cu-Cu distance ~ 3 Å has offered potential 
applications in biomimetic functional modeling for catechol oxidase. Furthermore, Ni(II) 
complexes of B have been shown as nickel aggregates with diverse nuclearities and 
architectures including heptanickel hexagonal cluster, nickel-potassium heterobimetalic 
metallocrown and pentanickel cage. It is interesting to note that only Ni(II) forms 
aggregate with ranging nucleatities. These Ni(II) clusters may be suitable candidate for 
single molecular magnet.  
On top of that, Zn(II) complexes assembled as 1D coordination polymers and 
formed a 3D hydrogen-bonded network. A closer examination of structures of Zn(II) 




From the 1D coordination polymeric structures, metal complexes of coumarin derivatived 
amino acids could be self-assembled into hydrogels depending on the crystallization 
conditions such as metal ions and solvents as well as weak intermolecular interactions. 
This is the key finding of this work in which self-assembly of supramolecules can be fine 
tuned to obtain both crystalline and amorphous gel materials.   
The Zn(II) and Mg(II) complexes have been discovered to form efficient, pH and 
mechano- responsive hydrogel even in the absence of long chain hydrophobic groups. 
This phenomenon is attributed to that the complexes form 1D coordination polymers 
which later aggregate into nanofibrous network structure and entrap water molecules. 
While the CP gels with ligand containing long appended groups have been termed as first 
generation CP gels, these CP gels with no long alkyl chains are considered as second 
generation CP gels. This striking finding has provided new perspective in the preparation 
of metallogels, whereby instead of long chain groups to form entanglement, coordination 
polymers can play the same role as well. Photophysical studies of hydrogels have 
indicated that the hydrogels display p-p* absorption and emission around 450 nm. More 
interestingly, upon the hydrogelation, the fluorescence properties of the coumarin 
chromophore have been enhanced dramatically. This is the first example of fluorescence 
enhancement observed in CP hydrogel. Such significant characteristic of these hydrogels 
may find utility in the applications for light emitting diodes and other optoelectronic 
devices. Mechanical properties of the hydrogels have been probed with rheological 
techniques and found that these hydrogels are weak and thermally labile network. 
Furthermore, fluorescent, biocompatibility and viscoelasticity properties of these 




On the other hand, another series of ligand C has been studied for their 
complexation with Cu(II). The Schiff base and reduced ligands containing carboxylate 
and sulfonate as coordination groups have been synthesized and examined their 
coordination behavior with Cu(II). The Cu(II) complexes of Schiff base and its reduced 
form of carboxylate groups display similar helical 1D coordination polymeric structure. 
Though the complexes crystallized in non-chiral space group P21/c, the helical structure 
is plausible and both left and right handed helices are present in the crystal lattice. It is 
noteworthy that the coordination of Schiff base and reduced ligands of sulfonate group to 
Cu(II) ions behave differently. Schiff base complex furnished a eight-membered dicopper 
center with the sulfonate group as bridging moiety while reduced Schiff base complex 
has 1D coordination polymeric structure. This may be attributed to the flexibility of C-N 
bond after reduction that have resulted the construction of coordination polymer. Further, 
additional reactive donor groups such as –CH2OH and –CH2CH2COOH have been 
incorporated in the amino acid side arm to study their influence on coordination to Cu(II). 
We have shown that the 1D coordination polymeric structures have been extended to 2D 
hydrogen-bonded network structures due to the presence of hydrogen donors and 
acceptors. These results have shown that the presence of various hydrogen bonding 
functionalities in the ligand could enable the formation of multidimensional 
supramolecular network structures.  
In summary, this work provides more insight into the self-assembly process of 
crystalline and amorphous materials. Rational design and control of weak intermolecular 




fabrication of crystalline and amorphous gel materials that demand widespread of 
practical applications. 
 
5-2. Suggestions for future work 
 
1. To date, only main group and first row transition metals have been employed for 
complexation of Calcein Blue. Thus, it will be interesting to further the studies to 
lanthanide groups, in the view of structural, supramolecular, magnetic and 
luminescence properties. Furthermore, the complexation with 3d-4f metals in 
combination would generate interesting structural and magnetic properties of metal 
clusters. 
2. Coordination chemistry of coumarin derivatized amino acids can be extended to other 
amino acids such as L-histidine, L-trytophan, L-glutamic acid and L-aspartic acid. The 
presence of other functional group in the amino acid side chain may involve in 
coordination or intermolecular interactions. 
3. The phenol group in coumarin could be derivatized into aldehyde which can be 
employed for the preparation for both Schiff base and reduced Schiff base amino acid 
ligands. Comparative studies for complexes of both types of ligands can be carried 
out to investigate their supramolecular interactions.  
4. It will be of interest to further investigate the gelation properties of other metal 
complexes of coumarin derivatized amino acids. It would be interesting to investigate 
the effect of chirality of amino acids in gelation which influence the nanostructures, 




5. It is worth to further process the coordination polymeric gel into nanofibers by 
electrospinning techniques. Electrospinning is a simple process drawing fiber from 
organic polymer by applying high voltage between needle of injection syringe 
contains the polymer and the substrate. The formation of nanofiber depends upon the 
viscosity of the materials and the solvent evaporation rate. These two factors may be 
fine tuned easily by utilizing coordination polymeric gel, which may lead to 
nanofibers with widespread applications. 
6. Self-assembly of metal complexes of coumarin derivatized amino acid allows the 
formation of various fascinating structures with diverse nuclearities. Hence, it is 
expected that complexation in hydrothermal or solvothermal conditions could 
generate novel coordination networks. Hydrothermal synthesis provide opportunities 
to generate interesting multidimensional network structures as thermodynamic 
products compared to the conventional crystallization methods such as diffusion or 
slow evaporation that result in the kinetic products. 
7. It is worth to study the ternary metal complexes of N-(2-pyridylmethyl)-amino acid 
by employing co-ligands such as 2,2’-bipyridine, 4,4’-bipyridine, 4,4’-
bipyridylethylene, imidazole, etc. Metal complexes of N-(2-pyridylmethyl)-amino 
acid offers the formation of 1D coordination polymer. It is anticipated that the 
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A1. Chemicals and Physicochemical Methods 
 
Chemicals 
All reagents were commercially available and were used as received otherwise stated. 
Reagents used for the physical measurements were of spectroscopic grade. Yields are 
reported with respect to the metal salts. 
 
Elemental analysis 
The elemental analyses were performed in the microanalytical laboratory, Chemistry 
Department, National University of Singapore. 
 
NMR spectroscopy 
The NMR spectra of the compounds were recorded on a Bruker ACF 300 spectrometer 
operating in the quadrature mode at 300 MHz in appropriate deuterated solvents such as 
D2O and d6-DMSO. 
 
ESI-MS spectra 
ESI mass spectra were recorded on Finnigan MAT LCQ Mass Spectrometer using 
syringe-pump method. The solvent employed was methanol of reagent grade. 
 
Infrared spectroscopy 
The infrared spectra (KBr pellet) were recorded using an FTS165 Bio-Rad FTIR 
spectrophotometer in the range of 400-4000 cm-1. 
 
Thermogravimetry 
Solvent present in the compounds was determined using a SDT 2960 TGA Thermal 
Analyzer with a heating rate of 5 °C min-1 from room temperature to 600°C. The sample 





UV-vis absorption spectroscopy 
The UV-vis absorption spectra of complexes were obtained using a Shimadzu UV-2501 
PC UV-vis spectrophotometer equipped with a temperature circulator. The UV-vis 
spectra were measured in the wavelength range of 300 – 800 nm using Nujol mulls and in 
MeOH solutions. The UV-vis absorption studies in Chapter 3 Part B were performed 
using a Varian Cary 50 UV-vis spectrophotometer with a single cell peltier themostat to 
control the working temperature in the range of 15-85oC. The gel samples were measured 
in 0.1 mm-path length quartz cuvette. Some of the measurements were carried out by 
Prof. Vivian Wing-Wah Yam and Mr. Anthony Yiu-Yan Tam of The University of Hong 
Kong. The gel samples in Chapter Part C were sandwiched between quartz plates. 
 
Fluorescence spectroscopy 
The emission spectra were obtained from Perkin-Elmer LS 55 luminescence 
spectrometer equipped with a temperature circulator. The emission spectra in Chapter 3 
Part B were recorded on a Spex Fluorolog-2 Model F111 fluorescence 
spectrofluorometer with a Hamamatsu R928 PMT detector. In order to minimize the 
inner filter effect, a 4-mm cuvette with front-face geometry were used for gel samples. 
Some of the measurements were carried out by Prof. Vivian Wing-Wah Yam and Mr. 
Anthony Yiu-Yan Tam of The University of Hong Kong. 
 
Fluorescence microscopy 
The fluorescence micrograph was obtained with a Leica DM IRB fluorescence 
microscope using excitation filter BP 340-380 nm.  
 
Fluorescence decay time 
Fluorescence lifetimes were measured using time-correlated single-photon counting 
technique (TCSPC). The frequency-doubled output of a mode-locked Ti:Sapphire laser 
(Tsunami, Spectra-Physics) was used for excitation of the sample at 400 nm. In 
fluorescence lifetime measurements, the fluorescence signal was collected by an optical 
fiber which is directed to an avalanche photodiode (APD). The signals were processed by 





wavelength of 450 nm. The system gives a temporal resolution of ~100 ps. The 
measurements were performed by Dr. Xu Qinghua and Mr. Lakshminarayana, 
Department of Chemistry, National University of Singapore. 
 
X-ray powder diffraction 
The X-ray powder diffraction of the samples were recorded using a D5005 Bruker AXS 
diffractometer with Cu-Kα radiation (λ = 1.5410).  
 
Electron Microscopy 
Field emission scanning electron microscopy (FESEM) images were taken using a Jeol 
JSM-6700F field emission scanning electron microscope operated at 5 kV and 10 mA. 
High resolution transmission electron microscopy (TEM) images and electronic 
diffraction patterns were obtained from a JEOL JSM-3010 instrument.  
 
Rheological measurements 
Rheological measurements were carried out on freshly prepared gels using a controlled 
stress rheometer (AR-1000N, TA Instruments Ltd., New Castle, DE, USA). Parallel 
plate geometry of 40 mm diameter and 1.5 mm gap was employed throughout. Following 
loading, the exposed edges of samples were covered with a silicone fluid from BDH (100 
cs) to prevent water loss. Dynamic oscillatory work kept a frequency of 1 rad s-1. The 
following tests were performed: increasing amplitude of oscillation up to 200% apparent 
strain on shear, time and frequency sweeps at 25°C (60 min and from 0.1 to 100 rad s-1, 
respectively), and a heating run to 90°C at a scan rate of 1°C min-1. Unidirectional shear 
routines were performed at 25°C covering a shear-rate regime between 10-1 and 103 s-1. 
Mechanical spectroscopy routines were completed with transient measurements. In doing 
so, the desired stress was applied instantaneously to the sample and the angular 
displacement was monitored for 60 min (retardation curve). After completion of the run, 
the imposed stress was withdrawn and the extent of structure recovery was recorded for 
another 60 min (relaxation curve). Dynamic and steady shear measurements were 






Single crystal X-ray crystallography 
The diffraction experiments were carried out on a Bruker AXS SMART CCD 
diffractometer with MoKα ((λ = 0.71073 Å) sealed tube. The program SMART285 was 
used for collecting frames of data, indexing reflection and determination of lattice 
parameters, SAINT286 for integration of the intensity of reflections and scaling, 
SADABS287 for absorption correction and SHELXTL288 for space group and structure 
determination, least-squares refinements on F2. The space groups were determined from 
the systematic absences and their correctness was confirmed by successful solution and 
refinement of structures. All the non-hydrogen atoms were refined anisotropically. All 
the C-H hydrogen atoms were placed in calculated positions. All the hydrogen atom 
positions of amine groups and water molecules were located and their positional 
parameters were refined in the least-squares cycles. 
 
All the single crystal X-ray diffraction experiments and refinements of the structural 
models have been carried out by Prof. Jagadese J. Vittal and Ms. Geok Kheng Tan, X-ray 
Diffraction Laboratory, CMMAC, Department of Chemistry, NUS. 
 
Additional crystallographic data in the form of CIF files are provided as a soft copy in the 




A2. Crystallographic data and structure refinement details 
 
Table A1. Crystallographic data and structure refinement details (Chapter 2) 
 
Compound IIA-1 IIA-2 IIA-3 IIA-4 IIA-5 
Formula C16H23CuNO11 C15H21NNiO11 C34H46Mn3N4O22 C34H46Mg3N4O22 C63H92Mn6N4O47 
Formula weight 468.89 450.04 1027.57 935.68 1987.05 
Temperature (K) 298(2) 223(2) 223(2) 223(2) 223(2) 
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic Triclinic 
Space group P21/c Pbca P21/c P21/c Pī 
a (Å) 11.7256(8) 7.6635(4) 11.0327(4) 10.9130(12) 11.0083(7) 
b (Å) 10.0987(7) 14.9271(8) 11.2261(4) 11.2227(11) 12.5277(9) 
c (Å) 17.2447(11) 30.9415(16) 17.5320(7) 17.0764(16) 16.1039(10) 
a (°) 90 90 90 90 91.777(2) 
b (°) 109.758(2) 90 97.8710(10) 95.372(3) 108.46(2) 
g (°) 90 90 90 90 100.321(2) 
V (Å3) 1921.8(2) 3539.5(3) 2150.95(14) 2082.2(4) 2063.3(2) 
Z 4 8 2 2 1 
m (mm-1) 1.198 1.160 0.955 0.164 0.994 
Dcalc (mg m
-3) 1.621 1.689 1.587 1.492 1.599 
Reflections collected 11018 18933 12397 11879 12214 
Independent reflections 3388 3104 3780 3662 7255 
Rint 0.0261 0.0304 0.0228 0.0394 0.0390 
Data/restraints/parameters 3388/15/290 3104/42/289 3780/2/319 3662/8/321 7255/22/595 
Goodness-of-fit on F2 1.061 1.277 1.141 1.240 1.076 
Final R [I > 2s (I)], R1a 0.0460 0.0418 0.0529 0.0805 0.0731 
wR2b  0.1283 0.0943 0.1214 0.1671 0.1672 
a R1 = S||Fo| - |Fc||/S|Fo|.   




Table A1. Continued… 
 
 IIA-6 IIB-1 IIB-2 IIB-3 
Formula C30H38N2O21 Zn3 C34H46Co3N4O22 C34H46Co3N4O22 C30H58Co3N2O31 
Formula weight 958.73 1039.54 1039.54 1119.57 
T (K) 233(2) 223 (2) 223 (2) 223 (2) 
Crystal system Monoclinic Triclinic Monoclinic Triclinic 
Space group C2/c Pī P21/c Pī 
a (Å) 16.9154(9) 7.3060 (4) 10.8816 (6) 7.3992 (5) 
b (Å) 11.1158(6) 12.8343 (6) 11.2074 (7) 12.6509 (8) 
c (Å) 21.7633(12) 12.8921 (6) 17.248 (1) 13.2265 (9) 
a (°) 90 114.592 (1) 90 103.325 (1) 
b (°) 108.6700(10) 104.129 (1) 96.281 (1) 91.767 (1) 
g (°) 90 97.066 (1) 90 94.634 (2) 
V (Å3) 3876.8(4) 1030.8 (9) 2090.9 (2) 1199.26 (14) 
Z 4 1 2 1 
m (mm-1) 1.926 1.267 1.285 1.122 
Dcalc (mg m
-3) 1.643 1.675 1.651 1.506 
Reflections collected 10230 11206 16342 6886 
Independent reflections 3313 3646 4792 4192 
Rint 0.0321 0.0315 0.0382 0.0189 
Data/restraints/parameters 3313/51/292 3646/62/320 4792/8/312 4192/3/370 
Goodness-of-fit on F2 1.067 1.057 1.032 1.064 
Final R [I > 2s (I)], R1a 0.0519 0.0331 0.0471 0.0395 
wR2b  0.0674 0.0909 0.1049 0.1085 
 a R1 = S||Fo| - |Fc||/S|Fo|.   








Table A2. Crystallographic data and structure refinement details (Chapter 3) 
 
Compound III-a III-b IIIA-2 IIIA-4  
Formula C13H15NO6 C14H15NO5 C28H34Cu2N2O14 C78H66N6Na3Ni7O47 
Formula weight (g M-1) 281.26 27727 749.65 2319.31 
Temperature (K) 223(2) 223(2) 223(2) 223(2) 
Crystal system Monoclinic Triclinic Orthorhombic Triclinic 
Space group P21/c P1 P212121 R3 
a (Å) 11.6019(13) 5.3583(5) 7.4813(8) 15.4367(9) 
b (Å) 15.159(2) 5.8497(6) 14.0424(13) 15.4367(9) 
c (Å) 7.5024(9) 10.4352(10) 28.503(3) 35.721(4) 
a (°) 90 88.144(2) 90 90 
b (°) 103.930(3) 75.461(2) 90 90 
g (°) 90 82.331(2) 90 120 
V (Å3) 1280.7(3) 313.78(5) 2994.4(5) 7371.6(10) 
Z 4 1 4 3 
m (mm-1) 0.117 0.112 1.496 1.421 
Dcalc (mg m
-3) 1.459 1.467 1.663 1.567 
Reflections collected 8861 3256 17827 12786 
Independent reflections 2927 1669 5893 2863 
Rint 0.0492 0.0066 0.0689 0.0848 
Data/restraints/parameters 2927/2/197 1669/3/184 5893/10/443 2863/1/232 
Goodness-of-fit on F2 1.026 1.070 1.077 0.925 
Final R [I > 2s (I)], R1a 0.0846 0.0389 0.0689 0.0793 
wR2b  0.2103 0.1007 0.1496 0.2132 
Absolute structure 
parameter 
-- 0.3(12) 0.07(2) -- 
a R1 = S||Fo| - |Fc||/S|Fo|.   




 Table A2. Continued… 
 
Compound IIIA-7 IIIA-8 IIIA-10 IIIA-11 
Formula C33.6H54KN2Ni2O21 C39H59N3Ni5O30.5 C14H16NO6.5Zn C14H15NO7.5Zn 
Formula weight (g M-1) 978.51 1351.44 367.65 382.64 
Temperature (K) 223(2) 223(2) 223(2) 223(2) 
Crystal system Monoclinic Orthorhombic Trigonal Trigonal 
Space group P21/c C2221 P3221 P3221 
a (Å) 22.5549(16) 13.9467(5) 9.0773(5) 9.0174(3) 
b (Å) 12.9601(9) 26.2945(10)   
c (Å) 15.0085(10) 16.3610(6) 31.015(3) 31.642(2) 
a (°) 90 90 90 90 
b (°) 105.823(2) 90 90 90 
g (°) 90 90 90 90 
V (Å3) 4221.0(5) 5999.9(4) 2213.2(3) 2228.24(18) 
Z 4 4 6 6 
m (mm-1) 1.074 1.496 1.698 1.695 
Dcalc (mg m
-3) 1.540 1.496 1.665 1.711 
Reflections collected 29384 21518 15805 15933 
Independent reflections 9687 6891 3802 3404 
Rint 0.0444 0.0548 0.0528 0.0545 
Data/restraints/parameters 9687/12/617 6891/17/379 3802/0/214 3404/0/227 
Goodness-of-fit on F2 1.040 1.030 1.094 1.032 
Final R [I > 2s (I)], R1a 0.0488 0.0473 0.0425 0.0390 
wR2
b  0.1211 0.1172 0.0895 0.0879 
Absolute structure parameter -- 0.020(17) 0.006(15) -0.005(16) 
a R1 = S||Fo| - |Fc||/S|Fo|.   






Table A3. Crystallographic data and structure refinement details (Chapter 4) 
 
Compound IV-1 IV-2 IV-3 IV-5a IV-6 IV-8 
Formula C9H15ClCuN2O9 C9H13ClCuN2O7 C8H11ClCuN2O8S C11H20ClCuN3O9S C16H30CuN4O10S2 C11H14CuN2O5 
Formula weight (g M-1) 394.22 360.20 394.24 469.35 566.10 317.78 
Temperature (K) 223(2) 223(2) 223(2) 223(2) 223(2) 223(2) 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic 
Space group P21/c P21/c C2/c P21/n P21/c P212121 
a (Å) 12.8651(14) 12.2902(9) 24.4452(13) 13.2480(17) 9.1490(3) 4.9362(3) 
b (Å) 7.4508(8) 7.7560(6) 9.0530(5) 6.6691(9) 11.5270(4) 10.3712(7) 
c (Å) 15.8758(18) 14.4409(10) 13.0236(7) 20.339(3) 11.1631(4) 24.1681(16) 
b (°) 101.305(2) 109.410(2) 111.5390(10) 96.461(3) 105.4750(10) 90 
V (Å3) 1492.3(3) 1298.31(16) 2680.9(3) 1785.6(4) 1134.59(7) 1237.27(14) 
Z 4 4 8 4 2 4 
m (mm-1) 1.689 1.921 2.026 1.541 1.208 1.784 
Dcalc (mg m
-3) 1.755 1.843 1.954 1.746 1.657 1.706 
Reflections collected 7239 7539 9173 12036 7883 8712 
Independent reflections 2146 2417 3068 4103 2590 2843 
Rint 0.0203 0.0254 0.0309 0.0405 0.0293 0.0404 
Data/restraints/parameters 2146/39/223 2417/61/223 3068/0/224 4103/3/246 2590/4/163 2843/0/178 
Goodness-of-fit on F2 1.084 1.057 1.048 1.055 1.177 1.057 
Final R [I > 2s (I)], R1a 0.0315 0.0363 0.0300 0.0473 0.0461 0.0383 
wR2b  0.0843 0.0896 0.0776 0.1170 0.1278 0.0842 
Absolute structure 
parameter 
-- -- -- -- -- 0.046(17) 
a R1 = S||Fo| - |Fc||/S|Fo|.   
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A4. Typical spectroscopic data of compounds  
Complex IIB-2 has been selected as a representative compound in Chapter 2. The IR, 
UV-vis, TGA and ESI-MS figures are shown below. The characterization details of other 
complexes can be found in Section 2-A/B-2-3 to 2-A/B-2-5. 
 
 
IR spectra of IIB-2. 
 
  
                              (a)                                                                       (b) 






TGA of IIB-2. 
 
 












Complex IIIA-10 has been selected as a representative compound in Chapter 3. The IR, 
TGA, ESI-MS and NMR figures are shown below. The characterization details of other 
complexes can be found in Section 3-A-2-3 to 3-A-2-6 and Part D. 
 
 










ESI-MS of IIIA-10. 
 
 













































































































13C NMR spectra of IIIA-10. 
 
Complex IV-2 has been selected as a representative compound in Chapter 4. The IR, UV-
vis, TGA and ESI-MS figures are shown below. The characterization details of other 
complexes can be found in Section 4-2-3 to 4-2-5. 
 
 


































































































                           (a)                                                                     (b) 
UV-vis spectra of IIB-2 (a) methanol solution (b) solid state. 
 
 
TGA of IV-2. 
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